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Summary
The current ideas re lating to the biosynthesis of turmerones are 
discussed, and a b iosyn the tic  pathway leading to Of- and ¡3-turme­
rones is proposed. The conformation o f |3“ turmerone assigned by 
Japanese workers is  shown to be based on erroneous assumptions; 
the ir data are insu ff ic ient fo r  assignment of the absolute stereochem­
is try  of /3-turmerone. A chemical correlation to juvabione is proposed, 
and all current methodology is inadequate for the selective transforma­
tion of a 1,3-diene to  an CK,/3-unsaturated methyl es ter . It
is shown that this transformation can be performed via the addition 
of a sulphenyl halide to the 1,3-diene. Addition o f phenylsu lphenyl 
chloride to 2 ,3 -d im e th y l - l , 3-butadiene g ives  the 1,2-adduct:
2 -ch lo ro -2 ,3 -d im e th y l- l - (p h en y lth io )b u t-3 -en e . This adduct re ­
arranges thermally to  the 1,4-adduct. The 1,2-adduct is converted 
into a varie ty  o f  ^ “ substituted sulphides b y  replacing the chloride 
with a suitable nucleophile : MeO , AcO , C N , OH. Hydride 
transfer to the te r t ia ry  centre is slow, and rearrangement to 
the 1,4-adduct is a competing process. Conversion o f  ^ “ h yd roxy -  
sulphides from 1 ,3-dienes to  alkenylepoxides is ach ieved , and the ep­
oxides rearrange to  a ldehydes by  acid treatment. This constitutes an 
oxidative monofunctionalisation o f 1 ,3-dienes, and similar transform­
ations are obtained with 4,4 -d im ethy l- l-m ethy lenecyclohex-2-ene, and 
with trans-penta-1, 3 -d iene . The thermolysis o f  (2 -h yd rox y - l -p h en y l-  
e thyl)pyrid inecoba lox im e is studied by *HNMR, and employed to  syn­
thesise l- (ca rb oxym ethy l )e thy lpyr id inecob a lox im e. No alkylcobalt 
species is obtained in the reaction with dienes or unactivated o le fins.
Finally, the determination of the structure of a new lignan 
from Virola elongata is described.
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11 Introduction
1.1 Aims and Organisation of the Thesis
Turmeric , the dried rhizomes o f Curcuma longa ( L in n . ) ,  has
been used as a spice and co louring substance fo r  severa l millenia.
It was well known in Vedic times^ , and remains in widespread
use today . The main constituents o f its essential oil, however,
2 3have only recently  been isolated and their structure determined ’ . 
These are the turmerones: Qf-turmerone (1 )^ ,  /3-turmerone (2)^
3
and ar-turmerone (3 ) (but see Chapter 2 ) .  Because turmeric 
is cheap and plentifu l, these sesquiterpenes are readily available, 
and would be ideal starting materials for the synthesis o f a variety  
o f re lated substances.
One o f the main constituents o f the oil, j8- turmerone (2 ) ,  
has a t ran s -conjugated diene. Although this structural feature 
is common among readily available natural products, these have 
not been explo ited as starting materials fo r  the synthesis o f  less 
readily available compounds. Th is  is mainly because o f the d iff icu lty 
o f ach iev ing selective mono-functionalisation o f one o f  the double 
bonds o f  such conjugated dienes.
This work begins by setting the turmerones into perspective 
in the general context of the terpenoids, and reviewing some 
recent contributions to the elucidation of the biosynthesis of bisabolane 
sesquiterpenoids. In the second chaper, further developments 
in the structural and spectroscopic studies of turmerones are 
presented.
(1 ) CK-Turmerone
The Turmerones are the main constituents o f the 
essential oil o f  Curcuma longa
3The third chapter deals with the structure and reactivity
of conjugated dienes, in an attempt to explain the ir  special peculiarities
in ionic reactions. No mention is made o f the D ie ls -A lder reaction
and o ther  per icyc lic  reactions, as these have been substantially
5~ 8covered in recent literature . Th is chapter will also present 
some o f  the exp lora tory  work performed by the author, which 
led to the successful stra tegy  for  monofunctionalisation o f  1,3-dienes.
In the fourth chapter, this successful s tra tegy ,  the electrophilic 
addition of sulphenyl halides, is expounded and analysed. This fourth 
chapter constitutes the main body o f  the work, and contains the most 
important results o f  the research described in this thesis.
Chapter 5 is a short account of an interesting and promising 
side-road to the investigation: the use of coba lt-hydride  species 
as functionalising agents, by forming covalent carbon-cobalt bonds 
with some o le fins. This is an area under development^, and 
some preliminary work is described.
In chapter 6, the experimental procedures are described.
Chapter 7 presents a short coda to this study of natural 
products. In it, the elucidation of the structure of lignans 
from Virola elongata^  is presented. This was a study in collaboration 
with J.C.M artinez and his group at the Universidad Nacional de 
Colombia, Bogota. The substances were obtained and purified 
by his group. Spectroscopic observations, and the structural 
determination were done by us at Newcastle.
41.2 Sesquiterpenes t Bisabolanc and Turmcrones
Terpenes arc a class o f compounds which  arise b iosynthetically  
from mevalonic acid, and presen t, in g en e ra l ,  C^n carbon atoms, 
where n is a whole number. Because a structural feature is 
an isoprene-type  moiety, these compounds have been called " iso- 
p reno ids " .  In some terpenes , h ow eve r ,  the simple isoprenoid 
structu re  may be d iff icu lt to d iscern , because a multitude o f 
skeletal rearrangements may occur in v iv o  to  generate the observed  
compound. Carbon atoms may be lost o r  added, and terpenoid 
moieties may be coupled to fragments d e r iv ed  from other b iosynthetic 
pathways. This leads to a bewildering a r r a y  o f  s tructu res ,  which 
have been a source o f inspiration, frus tra t ion  and challenge to 
a host o f  organic chemists.
Sesquiterpenes are terpenes which contain f i f teen  carbons
in th e ir  skeleton, i . e .  arising from th ree  such " isopreno id " units .
There  are o ve r  1,000 sesquiterpenoids known '^ and more a re  d iscovered
13,14e v e r y  year
Some sesquiterpenoids present remarkable biological a c t iv i ty ,
e .g .  ( .Z .E )-  £ *- fa rnesene (4 )  and ( E , E ) -  O f-farnesene (5 )  which
15are alarm pheromones o f  the red f ire  a n t ,  Solenopsis invicta
Alarm Pheromones o f Solenopsis invicta
5Some are e x c e e d in g ly  tox ic ,  such as certain compounds with the
picrotoxan sk e le ton ,  e . g .  coriamyrtin ( 6 ) ,  which are  found in
16 17plants from th e  Cor iaria genus, indigenous to New Zealand ’
(6 )  co r iam yrt in
Coriolin ( 7 ) ,  a metabolite o f  Coriolus con sors , is a powerfu l 
antibiotic wh ich  is active against gram -posit ive  bacteria, T r ichom onas, 
and Yoshida sarcoma cells^®
It has long  been cause of perplexity why the Central American 
leaf cutter ant ignores many of the species of plant indigenous 
to its habitat, but attacks mercilessly maize and other plants 
on which the peasant population depend for their livelihood. It 
was recently fo u n d ^  that some plants of the region exude sesquiter- 
penoids (8 ) -  (10 ), which have a strong repellent effect on
leaf-cutter a n ts , and therefore protecting from this pest the very  
species that generates them.
622 23Abscissic acid ’ (11) is ubiquitous throughout the higher
plants, and as its name implies, accelerates abcission of leaves 
and fruit.
69Compadre and his collaborators have reported the isolation 
of a sesquiterpenoid (12) with a very sweet taste -  making it 
a possible competitor in the non-nutritive sweetener business (see  
also ref. 79).
(12) Hernandulcin 
24 25-27Juvenile hormone£*(13 ) and its analogues (1 4 ), and com-
28-32pounds with juvenile hormone activity such as juvabione (16) 
modify the type of cuticle produced by an insect a fter moulting. 
I f  excess quantities o f a compound with juvenile hormone activity
are present during moulting and while the new cuticle i6 genera ted , 
adult characteristics do not deve lop  proper ly  and the insects remain 
as in fert i le  adultoids. For this reason, juven ile  hormone analogues 
have  been postulated as v e r y  specific insectic ides, although these 
pred ictions have not yet borne out in practice.
C O j M e
R 1- R 2~R 3- C 2H5 
(14) a) R j=CH3, R2=R3= C 2Hs
b ) r 1=r 2=c h 3, r 3= c 2h 5
c )  R j=r 2=r 3=c h 3
Juvabione (15) has the bisabolane skeleton in common with 
the turmerones (1 ) -  (3 ).  Numerous synthesis of juvabione and 
its diastereomers have appeared in the lite ra tu re^  but none
that would compete with the economy of transforming /S-turmerone, 
in a few steps, into juvabione. As will appear in Chapter 4, 
the methodology for doing so has been developed.
81.3 Biosynthesis41
Sesquiterpenes arise from mevalonic acid (17 ) via farnesyl 
pyrophosphate (18 ) .  The biosynthesis o f  acyclic sesquiterpenes 
is illustrated by that o f  fa rn esy l  pyrophosphate (18 ) .  As shown
OH
COjH
( 1 7 )
‘OPP
( 1 8 )
in Scheme 1.1, mevalonic acid arises from acetyl-coenzyme A via
45an NADPH-mediated reduction o f  (3S )-3 -h yd roxy -3 -m ethy lg lu ta ry l-  
CoA (20 ).  Mevalonic acid (1 7 ) ,  in tu rn ,  generates isopentenyl
pyrophosphate (23) and dimethylallyl pyrophosphate (24 ) ,  the actual
43building blocks o f  the terpeno ids . Dimethylallyl pyrophosphate 
(24) and isopentenyl pyrophosphate (23) condense to form geranyl 
pyrophosphate (2 5 ) ,  which reacts  with another molecule o f  isopentenyl 
pyrophosphate (23 ) to  genera te  farnesy l pyrophosphate (18 ) (see 
Scheme 1 .2 ) .
o o
w S C A
<” > I f  
O
|||
H Q f O ^ s c . *
& C oA
H v
-  OH
OPP o n ;
Scheme 1.1 from Herbert
(23) (24)
44
( 22)
9(25)
OPP
(18)
Scheme 1.2 B iosynthesis o f Farnesylpyrophosphate
The intermediate (S )-3 -hydroxy -3 -m ethy lg )u tary ]-C oA  (20 )  can 
be formed from acetic acid via acetyl-CoA or from L-leucine (27) 
via a biotin-dependent carboxylation^^ (see Scheme 1 .3 ).
CO*'
A A * , -
(27)
L-leucine
(28 ) ,
\ x  biotin -  CO 
biotin + H+
IKJf
4
- ' ¥ s J v C0Strf
(20 ) (29)
Scheme 1.3
10
' ■ -T
CoA
J0t4 ,0»
COCoA'
T' Vf *  V
vlS-îVS
fOaM COCoA COjH COCmk
Scheme 1.5 from Torssell
major
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11
The pathway from L-leucine, h ow eve r ,  is a minor one, and 
in some cases may involve catabolism of leucine to ace ty l-C oA , 
before in corpora t ion^ .
The detailed mechanism o f the formation o f  mevalonic acid 
from acety l-CoA  is one o f some com plex ity . T h e  subtleties relate 
to the stereochemical course o f the condensation of acety l-CoA  
(19) with acetoacetyl-CoA (18) to g ive  ( S ) -3 -h yd roxy-3 -m eth y lg lu ta ry l-  
CoA (2 0 ) .  Does this process occu r with invers ion  or retention 
o f configuration at the methyl g rou p  o f  a ce ty l-C oA? That is 
to say, assuming deprotonation o f th is  methyl g rou p  by an enzymic 
base to yield an intermediate, resonance-stab il ised  carbanion, does 
this species react with acetoacety l-CoA on the same face as that 
from which the proton was removed (re tention  pathway) or on 
the opposite face ( invers ion  pathway)?
This was solved by some e legant work in vo lv in g  chiral methyl
groups. ( I * ) -  and (S )-ace t ic  acids w ere  p r e p a r e d ^  ’ and condensed
to th e ir  corresponding CoA esters . The  condensation to 3 -h yd rox y -
3-m ethylg lu tary l-CoA proceeded with inversion o f  configuration  and
49a normal hydrogen isotope effect , as shown on Scheme 1.5. 
Addition to the carbonyl occurs exclusively at the Re face, giving 
rise to (S )-3 -hyroxy -3 -m ethy lg lu tary l-C oA . The mechanism, then, 
is that of an enzymatic Claisen condensation, in which the enolate 
of acetyl-CoA retains its configuration. To explain the overall 
stereochemistry there must be precise positioning by the enzyme 
of a basic group (to generate the enolate from bound acetyl-CoA ) 
and an acidic group of the enzyme that protonates the carbonyl 
oxygen of acetylacetyl-CoA^*. It should be noted that recent

13
studies o f  Claisen condensations indicate that a single-e lectron
trans fer  mechanism (SE T ) may operate in certain cases , although
68
perhaps is unimportant in aliphatic substrates
The next step , the reduction of (3 S )-3 -h yd roxym ethy lg lu ta ry l-  
CoA (20) is mediated by HMG-CoA reductase, and involves a
tran s fe r  of hydr ide  from the pro-4R_-position o f  the d ihydropyr id ine  
55-57ring o f  NADPH , generating the ( 3S)-mono-thioacetal (21) which
is fu r th e r  reduced to (3.R)-mevalonic acid (1 7 ) .  The hydrogen
atom that is trans ferred  in this second reduction appears in the
52 535-pro-S  position o f  the resulting mevalonic acid ’
The conversion o f (311 )-mevalonic acid (17) into isopentenyl-
54pyrophosphate (23) involves the action o f three enzymes . Mevalonate 
kinase initially phosphorylâtes ( Il )-mevalonic acid to genera te  ( I l ) - 5 -  
phosphomevalonate (31). Another kinase, 5-phosphomevalonate k inase, 
phosphorylâtes (31) to g ive ( jO -5-pyrophosphomevalonate (3 2 ) ,  which 
is decarboxy lated by the action of a pyrophosphate decarboxy lase 
to generate  isopentenyl pyrophosphate (23 ) .  Th is  is illustrated 
in Scheme 1.6.
The phosphorylations are apparently straightforward, although
the question arises as to whether the phosphate moiety is transferred
via an enzyme-phosphate complex, and therefore, with double inversion
58 59(retention) of stereochemistry at phosphorus ’
The decarboxylative elimination of (32) to (23) has been 
shown*1** to proceed in an anti-fashion, and therefore it might 
be concerted, as shown in Scheme 1.7. However, although the
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stereochemistry o f the elimination is an t i , whether the h yd roxy l  
group is phosphorylated prior to, or concomitantly with, the deca rb ­
oxy lation , has not been established.
The fo llowing step is an en zyme-mediated , re ve rs ib le  isomerisation 
of isopentenyl pyrophosphate (23) into dimethylallyl pyrophosphate 
(24) ( c f .  Scheme 1 .1 ) .  In this process a methyl g rou p  is generated  
in a trans relationship to the methylene phosphate moiety.
There  is , as shown in Scheme 1.8, an anti- re lationship 
between the proton added to the double bond (on the S i - fa c e ) 
and that removed from the 2-position (H - R e ) .
The isopreny l building blocks are ready to be assembled, 
and this is done by enzymes called preny l trans ferases .  In it ia l ly ,  
ge rany l pyrophosphate (25) is generated ( c f .  Scheme 1 .2 )  by 
the coupling o f  isopentenyl pyrophosphate (23) and dimethylally l 
pyrophosphate (24 ).  The stereochemistry o f this reaction has 
been elucidated by  C o r n fo r th ^  ’ during his studies on the b io syn ­
thesis of stero ids . The  reaction is a formal alkylation in which 
the pyrophosphate g rou p  o f dimethylally l pyrophosphate (24 ) is 
replaced with invers ion  o f  con figuration , by isopentenyl pyrophosphate
(23) ( c f .  Scheme 1 .9 ) .  The reaction is a syn p rocess , and
70-71it has been proposed that it is stepwise. Poulterand his co-workers  
have studied the reactions of farnesyl pyrophosphate synthetase, 
and in particular, the l ' - 4  condensation between isopentenyl pyro­
phosphate (23) and dimethylallyl pyrophosphate (24) or geranyl 
pyrophosphate (25 ) .  They established that the condensation reactions 
are electrophilic and have three main phasest a )  an elimination

o f  the 1 ' pyrophosphate, genera ting  a cationic species that is 
b )  attacked by the double bond o f  isopentenyl pyrophosphate 
(23) generating a new cationic species from which c )  a proton 
is eliminated. The intermediate cationic species does not lose 
stereochemical in tegr ity  because it is p resen t as a t igh t ly  bound 
ion pair at the enzyme's active s ite . The ion pair is then attacked 
by  the double bond o f  isopentenyl pyrophosphate (2 3 ) .  Be that 
as it may, the remarkable stereocontrol ex e r ted  during this process 
has been exploited fo r  stereospecific  C -C  bond formation in the 
enzyme-aided synthesis o f  about 30 homologues o f  fa rnesy l p y r o ­
p h os p h a te^ .
The process described  above is the b iosynthesis  o f  (2 E ,6 E )-
farnesyl pyrophosphate (1 7 ) .  Many preny l trans ferases  generate
67this stereochemistry about the double bonds , as is the case 
o f  two gerany l transferases  isolated from Ricinus communis^ .  For 
the biosynthesis o f cyc l ic  sesqu iterpenes, h ow eve r ,  isomerization 
about the 2 -double bond must occur be fo re  cyclisation  can take 
p lace .
-  18 -
It has been shown that a c e l l - f ree  enzymic system o f  Andrograph is
3 14paniculata transforms ( E , E ) - l l , l -  H2Sl2,13- C2 l fa rn esy l  p y r o ­
phosphate (33 ) into ( Z ) -  ^-bisabolene (34 )  without loss o f  tritium 
( c f .  Scheme 1 .1 0 )^ .
Scheme 1.10
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Cuparane Tricothecanc Laurinterisane
òto b£
Laurane
Sesquicarane
Thujopsane
Bergamotane . CK-Santalane /3-Santalane
Acoriane Acorane Cedrane Anisatane
Scheme 1.11 Structural relationship o f  Some Sesqu iterpenes
20 -
An in terest ing  point is that the same cell free  system 
3 3
transforms (E ,E ) - [ 1 , 1 -  ^ j f a r n e s o l  into (_Z , E ) — 11 — Hjfarnesol with 
loss o f  the pro-S  hydrogen and retention o f  the pro-R  hydrogen  
at the 1-position. These observations indicate the presence o f
two independent enzyme systems, an (E ,E ) - fa rn e s y l  pyrophosphate
75 66isomerase and an (E ,E )- fa rn esy l  pyrophosphate isomerase-cyclase
The detailed mechanism of the cyclisation has not been e lucidated ,
although there  is a large amount o f  information about labelled
76 78compounds that are incorporated into sesqu iterpene skeletons ’
”y-Bisabolene (34) is one o f the most w ide ly  d istr ibuted sesqu iter­
penes. In Scheme 1.11, the structural re lationship between severa l 
skeletal types  o f sesquiterpenoids is i l lustra ted . In view o f  this 
re lationship , a central role has been proposed fo r  the immediate 
p recu rso r  to  bisabolene. Thus, the b isaboly l cation (35 ) ,  via 
sigmatropic hydrogen  shifts and Wagner-Meerwein typ e  skeletal
75
rearrangements, gives rise to a great number of the sesquiterpenoid 
structural types. Attractive though this proposal may be, confirmatory 
evidence is lacking.
Biosynthesis of the turmerones presumably follows the same 
course as that of 7~bisabolene (3 4 ) .  However, when the cyclisation 
of farnesyl pyrophosphate generates the bisabolyl cation (35 ),
21
X
Scheine 1.12
22
a 11 ,3 ] -prototrop ic shift generates an allylic endocyclic cation (36)
which can lose a proton e ither at the 6-position o f the r ing ,
or at the 7-methyl group to generate the correspond ing sesquiterpenes
(3 7 )  and (3 8 ) .  Both have been reported  to be constituents 
81
o f the oil o f  turmeric
Studies o f  the oil by GC/MS indicate the presence o f substances
82with  m/z 202 and 204 (see F ig .  1.13) . It is proposed that
these precursors are acted upon by a monooxygenase, which generates
an alcohol. Sesquiterpenoid alcohols re lated to the turmerones
have  also been reported as constituents of the o il,  even i f  their
83prec ise  structure was not elucidated
This mono-oxygenase may be akin to those responsib le for
w-oxidation o f  fa tty  acids, and we pred ict  that the source of
o xy g en  is bound atmospheric d ioxygen . These intermediate alcohols
may then be oxidised by a dehydrogenase  to generate Q!- and
j3 ~turmerones which are fu r th e r  oxidised to generate a r-tu rm erone.
T h e  oxidation of OC- and /3-turmerones to ar-turm erone may
be non-enzymic, as is indicated by the  degradation o f  isolated
samples o f turmerones and o f  the oil o f  turmeric, whose content
o f  ar-turmerone increases with s torage .  It might be necessary
to  follow this biosynthetic pathway in detail be fore  assert ing , 
80l ik e  Govindarajan does, that ar-turmerone is not an artifact
o f  the isolation procedure.
23
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*■ ^ 0 2 } # 204 + ^ T c )
Figure 1.13
Figure 1.13, GC/MS trace o f  a fraction from chromatography o f  
oil o f tu rm eric . The trace shows total ion curren t ( T I C ) ,  and 
single-ion monitoring at m/z 204 and 202, v s . retention  time. 
The peaks appearing between 50 and 70 min correspond  to desoxy 
analogues o f  the turmerones, which appear between  90 and 
120 min ( c f .  R e f . l ) .
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2. Recent Studies on th e  Constituents o f  the Oil o f  Turmeric
2.1 T h e  Structural Problems
The essential oil o f  turmeric ( Curcuma longa L in n . )  constitutes 
3-6% of the dry  weight o f  the rhizomes. Its detailed composition 
varies  with the particular cultivars^ , conditions and time o f  storage 
o f the rhizomes, and the  method o f  ex tract ion . We found that 
when d ry  turmeric rhizomes (A l lepey  f in ge rs )  w ere  fresh ly  ground 
with solid CO^, and ex trac ted  immediately with cold petroleum 
spirit ( b .p .  40-60°C), the  oil contained three main components.
When subjected to GC/MS analysis , two o f these components presented 
m/z = 218, and the o th e r  one had m/z = 216. Preparative  gas 
chromatography was not successful for  isolating the substances 
o f m/z 218, only the compound with m/z = 216 being suffic iently
stable to be obtained b y  this technique. Th is  was shown to 
3
be ar-turmerone (3 ) .  T h e  other two compounds, which together 
composed ca 60% of the  fresh  essential oil ( c f .  Re f .  1, p65) 
could only be separated b y  laborious column chromatography followed 
by HPLC, when it was essential to add 1% triethylamine to the 
eluant to inhibit acid-cata lysed degradations. The structures of 
these compounds were deduced  from the ir  spectroscopic data. High 
resolution mass spectrom etry  indicated that both compounds possessed 
the elemental composition ^ 1 5 ^ 2 2® ' The 400 MHz ^HNMR spectra 
o f  the compounds, with selective decoupling, provided evidence 
about the connectivity o f  the carbon skeleton. From these data, 
the structures ( 1 ) and ( 2 ) were assigned fo r  the compounds, 
which were named Gf-turmerone and /3 -turmerone, re spec t ive ly ,  
in analogy to Ot- and jft-phellandrene, the corresponding monoter­
penoids.
29
CK-T urmerone
( 2 )
|3-Turmerone
(3 )
ar-Turm erone
Figure 2.1 The Turmerones
30
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Figure 2.2 GC/MS trace o f turmeric oil. The peak with m/z 216 
corresponds to ar-turmerone. Q!- and j8 -turmerones appear 
with m/z 218. Single-ion monitoring allows resolution o f two
superimposed peaks.
31
The configuration at C - 8  o f  both Of- and j8 ~turmerones
is S, because a mixture o f  turmerones was oxid ised by lead
4
tetraacetate to  the known (S ) -a r - tu rm eron e  . The con figura tion
Figure 2.3 Oxidation o f OC- and fi-turmcroncs to ar-turm erone
o f the correspond ing chiral centres at C-4 has not been determ ined . 
Full details o f  the structure determinations fo r  CK- and /3-turmerones 
were given  in the author's M .Sc. thes is  and a prelim inary account 
has been published^ (see  Appendix  3 ) .
5
Hikino and his collaborators, in a paper submitted three 
months after ours had appeared in print, and published after  
the author's M.Sc. thesis, claimed to have isolated a "novel" 
sesquiterpenoid from the Japanese drug "udon" ( Curcuma longa , 
Linn. = turmericlK  The structure of this "novel" sesquiterpenoid  
was identical to that we had found for /3-turmerone! They  
did, however, assign the stereochemistry at C-4 as S . Their  
argument is based on the observation of an intramolecular NOE 
between the Methyl-15 and H-3 ( 6=5.67 ppm in C D C l j ) ,  and
the assumption that the hydrogens at C-4 and C -8  adopt the 
"thermodynamically most stable anti-arrangement". The ir  argument
is not convincing, for several reasons which became apparent
32 -
X
X -  CH 2COCH=C(CHj ) 2
Figure 2.4 Hikino's proposed conformation for  the C-4 - C - 8  
bond. NOE between Me-15 and H-3 implies S configuration at
C-4. For c la r ity 's  sake, the sidechain is represented b y  X 
in the conformational diagrams that fo llow.
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when we re-examined the spectroscopic evidence that was accumulated 
during the author's M .Sc. work. A more detailed analysis o f 
the spectral ev idence was deemed necessary, and is presented 
here .
The 400 MHz ^HNMR spectrum of /J-turmerone in CDCl^ 
was difficult to tackle because o f the coincidence o f  many resonances 
in the area 2-2.5ppm. By using some resonances were
sh ifted , and it was easier  to in terpret the spectrum with the 
help  of double resonance experiments.
The undecoupled ^HNMR spectrum in *s s^own *n f i g . 2.5,
toge ther  with the spectral assignments. The gross structure
is readily appreciated. The 1-proton septet (J=1 .2Hz) at 5.83ppm
is coupled to two 3-proton signals at 2.16 and 1.51ppm. The
broad 1-proton singlets at 4.87 and 4.82ppm, toge the r  with the
double multiplets at 6.24 (1H ) and 5.61ppm (1 H ) indicate that
the  ring is as shown. In a double-resonance experiment, strong
irradiation at 4.84ppm removed small couplings from these doublets,
and that at 6.24ppm was simplified to a double doublet, J=10 and
2Hz; that at 5.61ppm showed a coupling o f  10Hz and 3 small
( < lH z )  couplings (see  F i g . 2 .7 ) .  Two small, but s ign if icant, changes
w ere  also observed in the h igh -fie ld  regions a simplification o f
the multiplets at 0=2.23, and the removal of some couplings
of the absorption at ¿=2.13, made it appear as a complex double
multiplet, rather than as a broad, featureless absorption. This
indicates that these correspond to axial protons, because «-contributions
to allylic coupling constants are larger when the angle 0 is 0° 
6 7or 180° * (see F ig .2.8).. These absorptions correspond to H-6ax
37
and H-4. Irrad iat ion  of the absorption at 1.37ppm caused substantial
F igure 2.8 Conformational dependence o f allylic couplings 
sharpening o f  that corresponding to H-4, the signal fo r  H -6ax 
was simplified, and the double tr ip le t  at 6=2.36 collapsed to 
a double doublet ,  J=8 and 2Hz; the absorption at 6  = 1.55 became 
a broad singlet (s ee  F ig .2 .9 ) .  Th is indicates that the proton 
resonating at 6=1.37 is in a trans-diaxial re lationship to  H-4 
and H -6ax, and must there fo re  correspond to H-5ax, wh ils t  the 
absorption at 6=2.36 is due to H - 6eq. These assignments were 
confirmed by the observation  o f complementary changes in the 
spectrum upon irradiation at 1.55ppm; only a v e r y  small coupling 
was removed from H-4, whilst a 2Hz coupling was rem oved  from 
H -6eq (2 .36ppm) and the multiplets corresponding to H - 6 ax  were 
sharpened up, due to the loss o f  a small coupling . T h e  signal 
at 1.55ppm is due to  H-5eq.
Summarizing the situation so far, we have assigned H-4, 
H-5eq, H-5ax, H-6eq and H-6ax, and have shown that H-4 is 
an axial proton. The conformation of the ring that satisfies
these constraints is a half-chair, with the side chain in a pseudo-  
equatorial position.
Having identified the protons in the ring, it remains to 
assign those absorptions due to the side-chain. Irradiation at
0.86ppm, i .e .  Me-15, caused simplification of the region 2.35-2.4ppm
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(see F ig .2 ,1 1 ) .  This simplification is not sufficient for detailed 
analysis o f this region, which is due to  the s trongly  coupled 
absorptions o f one o f the H-9 protons and H-8 . The double 
doublet at 2.06ppm is due to H-9 ', and presents coupling constants 
of 9 and 5Hz. These are the geminal coupling constant to H-9, 
and the vicinal one, to H -8 . We have  thus assigned all the
resonances in the spectrum, and come to the  crux o f  our argument.
Hikino claims that the dihedral ang le  between H - 8  and H-4 
is near 180°, that is ,  they are in an a n t i -arrangement. I f  that 
were so, the coupling constant between these protons should be
g
of the o rder  o f 7-10Hz . As can be seen in F ig .2.9 , irrad iating 
at H-5ax caused H-4 to appear as a broad s inglet .  Although
this singlet is not fully resolved from the methyl absorption, 
a coupling o f 7-10Hz would be clearly observab le ; the coupling
of H-4 to H- 8  must therefore be small (<2Hz). A ccord ing ly ,
the dihedral angle between these protons is about 90°.
These observations, o f  course, on ly  demonstrate that the 
conformation o f  |3- turmerone in is not that predicted by
our Japanese colleagues. What happens th en ,  in CDCl^?
In F ig .2.12 the ^HNMR spectrum of j3-turmerone in CDCl^ 
is illustrated. The absorptions for H-5ax (1.36ppm) and H-5eq 
(1.71ppm) are immediately obvious, as they are identical to those 
observed in C^D ,, although they appear at slightly different chemical 
shifts, and thus H-5eq is completely resolved from the methyl 
absorption at 1.56ppm. This indicates that the ring conformation
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is identical in CDCl^ to that in C^D^, i . e .  the H-4 occupies 
an axial position, and the side chain is pseudoequator ia l.
When the sample is irradiated at Me-15 (0 .83ppm) in a double 
resonance experiment, there is considerable simplification o f  the 
absorptions between 2.1 and 2.2ppm (see F i g . 2.13 and 2 .14). 
However, because o f the strong coupling e f fec ts  in that reg ion , 
first o rd e r  analysis o f the spectrum is not possible. We cannot 
determine the coupling constant between H-8 and H-4 from this 
spectrum.
D ifference NOE experiments that we performed in CDCl^ were 
not v e r y  conclusive. However, irradiation at Me-15 gave  enhancements 
at 2.2 and 5.68ppm, although the d i f fe ren ce  spectrum is v e ry  
noisy at 2.2ppm. We can be certain, h ow eve r ,  that some effect  
is observed  at 5.68ppm, and that corresponds to the H-3 -  Me-15 
interaction which was observed  by Hikino. In C^D^, when Me-15 
of j3- turmerone was irrad iated, enhancements o f  s ignal in tensity 
were observed  fo r  H-9, H -9 ', H-3 and to  a small ex ten t ,  to
H -5ax .
To explain these enhancements, Me-15 must be placed in 
sufficient proximity to H-5ax and H-3. Assuming that the ring 
conformation of /3-turmerone is a half-chair (this is also supported 
by calculations using Allinger's MM2(82) force field -  see below), 
and the dihedral angle between H-8 and H-4 is close to 90°, 
then only one conformation satisfies these constraints: that with 
the Me-15 on the opposite side of the ring to H-4. The observed
PP
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spectroscopic data can be satisfied by e ither an .R, or an S 
configuration at C-4, as shown in F i g . 2.15.
Figure 2.15
In both diastereoisomers the d ihedral angle between H-8 and 
H-4 can be close to 90°.
To  exp lore  this fu rth er ,  preliminary studies o f  the conformational
made using E .K .D av ies '  simplified molecular mechanics program (see
Appendix 1 ) .  The isopropyl moiety o f  j3- P^e" andi"ene may occupy
either a pseudoaxial or a pseudoequatonal position ( f i g .  2 .1 6 ).
The pseudoequatorial substitution is energet ica l ly  favourable and
of the three gauche conformations o f the  C-4 -  C-8 bond, that
with a dihedral angle o f  81° between H-4 and H-8 is lowest in
energy. This is in agreement with experimental evidence. First,
9-11conjugated dienes tend to adopt essentially planar conformations ,
although in 1 ,3-cyclohexadienes total planarity is not achieved,
12-14and the helicity of the diene moiety gives rise to a Cotton effect 
Compounds with a methylenecyclohex-2-ene moiety can also present 
a Cotton effect when the helicity is induced by conformational 
constraints, as is the case of 3-methylenecholest-4-ene^. The
H
space o f j3- phellandrene, as a model fo r  /3-turmerone, were
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Figure 2.16 Pseudoaxial ( t o p )  and pseudoequatorial (bottom)
conformations o f jQ-phellandrenc
-  49
barr ier  to  r ing inversion in cyc lohexene is small c<j . 22.18kJ.mol.
16 17at -164°C ’ , but from studies o f  model compounds it has been
suggested  that the axial position fo r  an isopropyl moiety in a
183-isopropy l cyclohexene is v e r y  unfavourable compared to a
19-22methyl group . Conformational studies on cyc lohex -2en - l-one
show that the lowest energy  conformation has all atoms except
23 -1C-5 in one plane, and the ba rr ie r  to  r in g  invers ion  is 43 .51kJ .mol.
24 25In 3-m ethy lenecyc lohex- l-ene  ’ , the b a rr ie r  to r ing inversion
is 25.23kJ.mol. ^. The barr ie r  to  invers ion  is lower than that
fo r the ketone; this is consistent with a reduced degree  o f  conjugation
of the endocyclic  double bond with the exocyclic  methylene, as
compared to the more polar carbonyl. In 1 ,3-cyc lohexadiene,
26 — \
the b a rr ie r  to r in g  inversion is near 12.55kJ.mol. . For isopropyl
substituted cyclohexanes, the d if fe ren ce  in fr ee  en ergy  between
27 -1axial and equatorial conformers is 8.996kJ.mol. , and for methyl
27 - i
cyclohexane th is d if ference  is 7.11kJ.mol. . In 3-methyl cyclo-
28 —1 hexene the f r e e  energy  d i f fe ren ce  is 3 .3 5 -4 .06kJ.mol. . This
shows that the axial conformer is less  destabilised when a double
bond is present in the ring, presumably by diminishing 1,3-diaxial
interactions across the ring, as well as gauche H-H interactions
. .. . 3 0in the ring
In the case of ( - ) - ( I t ) -  CK-phellandrene, it has been determined
that the equatorial conformer is more stable than the axial by
1.92kJ.mol. *, by studies of the temperature dependence of product
31ratios for photochemical electrocyclic ring opening . Other values
for the difference in stability of the equatorial and axial conformer
13 32 33have been reported in the literature ’ ’ , ranging between
1.05 and 3.97kJ.mol. *, but it seems now accepted that the lower 
value of 1.05kJ.mol. * is the most accurate. It is in agreement
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1 34with the va lue of 0.818kJ.mol. calculated by  Rauk and Peoples ,
who employed a minimal basis set SCF on molecular mechanics
optimised conformers o f j3_phellandrene. By comparing the values
o f the barr iers  to inversion of cyc lohexa -1 , 3-diene (1 2 .55kJ .mol. * )
and 3-m ethy lenecyc lohex-l-ene  (2 5 .23kJ .mol. * )  we may assume that
the value o f  the barr ier in jS-phellandrene will be la rger  than
that fo r  Oi-phellandrene, and it is reasonable to  expect that
the equatorial conformer will be p re fe rred  over  the axial one.
The lowest e n e rg y  conformation fo r  |3-phellandrene will there fo re
present f iv e  near-coplanar atoms in the r in g ,  and C-5 o f the
ring out o f the  plane, as shown in F i g . 2.16. In this r in g  conformation,
the isopropy l group must adopt a gauche conformation in which
the H-3 is close to the plane bisecting the methyl groups, as
il lustrated . Any other gauche conformation is d is favoured by
the interactions between the methyl groups and H -3 , H-5ax and
H -5 e q .
jS-Turmerone was then studied using Allinger's MM2(82) force 
field (see Appendix 1). The asymmetry at C-8 of the side chain 
of j8-turmerone, as opposed to the symmetry of the isopropyl 
group of j3~phellandrene makes fop a larger difference between 
the energies of the gauche conformations at C -8  -  C-4. The 
relative configuration of both chiral centres determines the minimum 
energy conformation. This is shown for ( S , S ) -  j3-turmerone 
(see f i g .A l .  3 .6 ): the dihedral angle between H -4  and H-8 is 
72° in the minimum energy conformation. This would correspond 
to a coupling constant of less than 1Hz. For the (R  ,S)-diastereo- 
isomer, at the energy minimum the corresponding dihedral angle 
is 59°. This would also generate a small coupling constant, so
51
assignment o f the absolute stereochem istry cannot be performed 
by extrapolation from the observed coupling constant.
We may the re fo re  conclude that our Japanese colleagues were 
not justified in assigning the absolute con figura tion  o f (3~turmerone 
at C-4 as S. Not only were their observa tions  o f intramolecular 
NOE e f fec ts  incomplete, and the ir assignments o f  the ' h NMR spectra 
insu ffic ien t, but also their assumptions re ga rd in g  stereochem istry 
were wrong . We cannot, however, ass ign  the stereochem istry 
from our spectral data. This assignment must wait until suffic ient 
evidence is co llected. In any case, our Japanese colleagues may 
have some o f Emil Fischer's luck, and be r igh t  -  a f t e r  all, they
have a 50% chance!
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3 1 ,3-D ienes
3.1 The Problems Stated
The previous two chapters set the context fo r  o u r  research: 
the structure of the turmerones had been determ ined , but the 
absolute configuration at C-4 was still unknown. As  assignment 
o f  the stereochemistry at C-4 based on the spectroscop ic  data 
was not possible, so it was dec ided to attempt a chemical corre la tion .
As discussed in Chapter 1, t o  solve the question f o r  j3_turmei— 
one, the chosen target molecule was juvabione. Not only was 
it an inherently interesting substance, and all o f its d iastereom ers 
had been -r igorously  character ised , but also the minimal disruption 
o f  the carbon framework and the apparent simplicity o f  th e  necessary 
transformations made it especially attract ive .
The synthetic strategy to transform |3“turmerone into the 
corresponding diastereoisomer of juvabione was reduced to solving 
two main problems: a selective reduction of the double bond of 
the enone, and an oxidative monofunctionalisation of the methylene 
terminus of the ring. The first objective was reached in a comparably 
short time, with a copper(I)-catalysed lithium aluminium hydride 
reduction of the enone, in near-quantitative yield. This was 
reported in the author's M.Sc. thesis*.
The tactics proposed in the author's thesis for the attainment 
of the second objective involved hydroboration/oxidation followed 
by oxidation of the resulting alcohol to the corresponding acid.
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This acid would then be ester if ied by standard methodology, and 
isomerised to juvabione by treatment with base (see  F ig .3 .1 ) .
juvabione |3_Turmcrone
Figure 3.1
This scheme proved  to  be impracticable in the l igh t o f fu r th er  
exper ience , and was perhaps imbued with an excess  o f wishful 
thinking. The 1 ,3 -d iene  o f /3-turmerone could neither be e f f ic ien tly  
mono-functionalised by  those tactics nor by a number o f  o ther 
tactics attempted. These  initial attempts to solve the problem 
of selective mono-functionalisation o f 1 ,3-d iene gave  us an insight 
into the peculiar nature  o f conjugated double bonds, which finally 
led to a solution. T h e  answer to  this problem will have to  wait 
until Chapter 4, w here  the successful methodology is deta iled. 
In what remains o f  th is  chapter we shall exp lore the peculiarities 
of conjugated double bonds and discuss the results of our preliminary 
explorations.
3.2 1 ,3 -D ienes, Conjugation and Delocalisation
„  2 3
In the first decade of this century, Bruhl ' observed that 
the molecular refractivity of conjugated dienes presented anomalies 
with respect to analogous unsaturated compounds where the double 
bonds were not in conjugation. The values of molecular refractivity
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for these conjugated compounds were h igh er  than could be expected
from the simple summation o f the e f fec t  o f  each unsaturated bond.
Heats o f  combustion o f  terpenes with conjugated double bonds
were lower than those fo r  the ir isomers with non-conjugated olefinic 
4 5linkages ’ . It was observations such as these that prompted
chemists to propose an interaction between double bonds when
they  are juxtaposed. The nature and extent o f  this interaction
8 9has been the subject o f  much d ispute ’ among theoretical chemists, 
but it has been a challenge to  any bonding theory  to explain 
why " ir regu la r i t ie s "  arise when bonds are conjugated.
The structu re  o f 1 ,3-butadiene has been studied ex tens ive ly .
The equilibrium between the c - cis and the c - trans isomers lies
to the side o f  the c - tra n s^ , ^ , ^ >^ .  The d if fe rence  in free
e n e rg y  between the two isomers has been estimated “^  to lie between
2.5 and 3.1kcal mol \  with an e n e rg y  b a rr ie r  o f  about 3.9kcal mol
From these results o f electron d i f f ra c t ion “^ ’ ^ * and the interpretation
18 23o f IR  and Raman spectra ’ , in the ground state, trans-butadiene
has the structure shown in f i g . 3 .2. It is there fo re  planar,
W
and the central C-C bond is longer than the terminal ones, although 
it is shorter than single bonds in saturated molecules (ca. 1.54 X in
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e thane). Th is shorter distance was explained by assuming that
the central bond had some double bond character due to the
delocalisation o f ir-electron density . The initial popularity o f
the Huckel Molecular Orbital (HMO) th eory ,  with its d isregard 
13for ff-electrons , made this an a ttract ive  explanation. Taking 
benzene as a model in which jr-electrons w ere completely delocalised 
(C -C  bond length  1.397 X), and ethane as a system with localised 
jr-electrons , the length  of the C-C bond in butadiene was intermediate. 
The contribution to bond-shortening by delocalisation was calcul­
ated^^ ^  assuming that the covalent radii of carbon in C-C and 
C-H bonds were add it ive . These calculations indicated that the 
bond length  was shortened by the change o f hydridisation ( s p 3
to sp 2) and electron delocalisation in rough ly  equal ex tents . This
27 28was promptly disputed by Dewar ’ who proposed that the bond 
lengths could be explained en tire ly  by the effect  o f hybridisation 
d i f fe rences ,  because the covalent radius o f  carbon in C-C bonds 
was a ffected  d i f fe ren t ly  by changes o f hybridisation than in C-H 
bonds: the decrease in radius in going from sp 3 to  sp2 to sp 
was supposed to be grea ter  fo r  C-C  bonds than fo r C-H bonds. 
Th is  was supported by the fact that C -C  bond lengths were 
constant among d i f fe ren t  compounds that presented the same sort 
o f  hybrid isation . The bond length varied  with the percentage
o f  ¿ -character  o f the bond; compounds like b iphenyl, 4 , 4 '-b ipyr idy l  
29 30and butadiene ’ have very similar bond lengths.
Mulliken^ stated that this view of the effect of hybridisation 
contradicted the results of quantum-mechanical calculations, which 
indicated some degree of delocalisation. Studies of Nuclear Quadrupole 
Resonance (NQR) indicate that delocalisation is important even
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in a lk a n e s^ ,  and explanation of E S R ^ ’ ^  and N M R ^  phenomena 
is made in terms of delocalised ir-e lectrons.
36Thermochemical measurements, e i th e r  o f heats of hydrogenation  
37or heats o f  formation , have been used to estimate the "resonance
en ergy "  o f compounds with conjugated double bonds. Resonance
energy  is a measure o f the d i f fe ren ce  in en ergy  between the
compound with conjugated double bonds and a model compound
in which the anomalies o f conjugated double bonds ( e . g .  bond
shorten ing, e f fec ts  o f  hydr id isa t ion , spatial interactions e t c . )  are
37not presen t. Pauling's approach takes the bond energ ies  co rres ­
ponding to a theoretical model composed o f fragments of non-conjugated 
molecules, assembles them, and sums bond energ ies  to obtain a
value that is compared to the experimental value fo r  the heat
of atomisation o f the compound in question. The d i f fe ren ce  is
the resonance en e rg y .  A similar approach has been proposed
38-40 41by Dewar and Breslow , a lthough in the ir  case all the quantities
concerned are theoretical. Not o n ly  is the model compound an 
idealisation, but the resonance en e rg ie s  are measured as the d i f f e r ­
ences between two theoretical models. Th is approach has been
43praised fo r  its c lar ity  and unambiguity , but the results obtained 
do not relate c learly  to any em pirica lly  measurable quantity .
On the other hand, the approach of measuring heats of
hydrogenation involves the comparison of the heats of hydrogenating
a conjugated compound and a model compound (e .g .  benzene and
36cyclohexene), and a value of resonance energy could be obtained
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Severe criticisms have been leve led  against both approaches, 
basically on two grounds:
a) that bond energies are not constant even in an homologous 
series, and
b ) that resonance en e rg y  is not an internal p rop e rty  o f 
a compound, d irectly  measurable, but depends on the choice 
o f model compounds.
In any case, there is g rea te r  thermochemical stability aris ing from 
double bond conjugation, although its exact measurement and s ign i f i -
g
cance is still disputed . Thermochemical stab il ity , h ow eve r ,  is
44not a direct indicator o f  chemical reac t iv i ty .  A l l inger has pointed 
out that although conjugation results in a lowering o f  the total 
e n e r g y  o f the  molecule, the h ighest occupied molecular orb ita l 
(HOM O) is raised in e n e rg y ,  and the lowest unoccupied molecular 
o rb ita l (LUM O) is lowered in e n e rg y ,  so conjugated molecules 
are more suceptib le to nucleophilic, radical and electrophilic a ttack . 
We shall come back to this point in a discussion o f the f r o n t ie r  
o rb ita l approach to r e a c t iv i ty ,  but first  we must make two o b se rva t io n s . 
The  influence o f conjugation is expressed  in empirically obtainable 
param eters: thermochemical, NMR, I R , etc . Concepts such as 
resonance e n e rg y ,  delocalisation and hybrid isation  e f fec ts  are p r o d ­
ucts of the model employed fo r  the description o f  the bond ing 
45situation . The ultimate test for a bonding theory, of course,  
is its agreement with experiment. Calculations on the geometry 
of 1,3-butadiene using different models and approximations give 
different r e s u lt s^  * , an{j it should be possible to decide for
or against a bonding model by judging its performance against 
experiment. The problem is that all methods are approximate 
solutions of the Schrodinger equation, and refinements of the
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assumptions and approximations taken into account by a theory  
that has lost some popularity can bring it again to the fo re  
o f  discussion. Such is the case o f  e . g .  Va lence-bond theory ,
which is experiencing a recent comeback, mainly through the work
, u , 10-12 , 47,57-60o f  Herndon , and others
In tu it ive ly ,  however, simple M.O. theory s e rv e s  the purpose o f
p rov id ing  an explanation and allowing predictions to  be made, which,
in spite o f the great number o f approximations in vo lv ed ,  has a good
record  o f agreeing qualitatively with experimental observa tions .
Such is the case o f Frontier Orbital theory ,  and we shall discuss
4 8the chemical e ffec ts  o f conjugation within that framework
The Frontier Orbital Approach involves the building o f  molecular 
orb ita ls  (L C A O ) ,  and the formation o f  H ucke l- type  ( ir-e lectron 
o n ly )  molecular orbitals. 1 ,3-Butadiene, th e re fo r e ,  is seen as 
a linear combination o f two ethylene moieties, as i llustrated in 
f i g . 3.3. The corresponding wave functions fo r  the butadiene 
orb ita ls  are:
= 0.371Xj-0.600X2+0.600X3-0.371X4 
= 0.600Xj-0.371X2-0.371X3+0.600X4 
= 0.600Xj+0.371X2-0.371X3-0.600X4 
*  = 0.371X1+0.600X2+0.600X3+0.371X4 
where X j , X2> X3 and X4 are the corresponding Atomic orbitals.
The energies of these orbitals have been estimated by photoelectron 
49spectroscopy , and are shown in f ig .3.4. The HOMO of ethylene 
is lower in energy than the HOMO of 1,3-butadiene by 1.4eV, 
and the LUMO of butadiene is lower than that of ethylene. Thermo­
dynamic stability is derived from the »-electron energy, i .e . from
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the filled orb ita ls , but reac t iv i ty ,  on orbital term s, is controlled 
by the energ ies  o f  the HOMO ( f o r  reactions with electrophiles ) 
and the LUMO ( fo r  reactions with nucleophiles ) o f  the reactant 
re la t ive  to the correspond ing orbita ls o f  the reagen t.  Thus, 
it is to be expected  that 1, 3-butadiene will react faster than 
ethy lene  both with electrophiles and nucleophiles, in str ic t ly  orbita l- 
controlled reactions.
Adding e lec tron-w ithdraw ing groups at the 1- or 2- position 
o f  the diene results in a lowering in en e rg y  o f  both the LUMO 
and the HOMO; e lec tron-donating groups will increase the energ ies  
o f  both fron t ie r  orb ita ls . Extending the con jugation , by adding
another conjugated double bond, will increase the  en ergy  o f  the 
HOMO, and decrease the energy  o f  the LUMO, as illustrated in 
f i g .  3 .4.
Electrophilic attack on 1,3-dienes proceeds always at the termi­
nus, because the intermediate generated is an allylic cation^* ’ ^ .  
Th is allyl cation , h ow eve r ,  may be captured by  a nucleophile 
e ith er  at the o ther  terminus, or at the 2- pos it ion , g iv ing  e ither 
formal 1 ,2- o r  1 ,4 - addition (see f i g . 3 .5 ) .  The  se lec t iv ity  o f
N
F igu re  3.5 1,4 vs .  1,2-addition
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this process is controlled by ster ic , solvation, ion-pairing , and 
stereoelectronic factors"*^. This will be discussed fu rth er  in the 
following section, where some chemistry o f conjugated d ienes is 
illustrated .
Other e f fec ts  o f  conjugation, like the exaltation o f molecular 
r e f r a c t !v i t y * ’ ^  and the bathochromic shift and increased in tens ity  
o f  the UV/VIS absorption bands'*“*, have not been discussed here 
because they  re late to the structure o f the excited states of 
d ienes, as well as to the ir  ground states. The s tru c tu re  of
the excited states of conjugated dienes^* ^  has been rev iew ed  
e lsewhere, and is not d irect ly  re levant to our research , as all 
reactions studied by us seem to  proceed through the ground  
state o f  the dienes.
3.3 Some Chemistry of 1,3-Dienes
We have shown that the synthetic problem posed b y  the 
transformation o f  /3-turmerone into juvabione was to ach ieve  
ox idative  functionalisation o f  the methylene terminus o f /3-turmerone. 
As mentioned above , our f irs t  choice* fo r  achieving this transformation 
was a variant on hydroboration/oxidation procedures, as descr ib ed  
by B r o w n ^  and C o r e y ^ .
Hydroboration followed by cleavage of the resulting borane
with alkaline hydrogen peroxide is an efficient method for achieving
70 71anti-Markownikow hydroxylation of unconjugated olefins * . The
reaction is sensitive to steric constraints, and affords the corres-
70 73ponding alcohol with retention of configuration ’
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When 1,3-butadiene is treated with d iborane, followed by
74-77alkaline hydrogen  perox ide, a mixture o f alcohols is obtained.
About 80% of the mixture is composed o f bu tane-1 , 3-diol (24%)
and butane-1,4-diol (76%). When conjugated dienes are present
in excess o ver  diborane, mono-hydroborated products may be isolated.
71Typical results are shown in the following table :
Diene Residual diene 
(a f t e r  lh )
Monohydro bora t ion 
(%)
1 ,3-butadiene 50 4
isoprene 51 4
trans-p ipery lene 43 12
1 , 3-cyclohexadiene 24a 51a
When a substituted borane is employed fo r  the hydroboration o f
1,3-dienes, h igher yields o f  mono-hydroboration products may be 
obtained. With diisoamylborane, at 0°C , 1,3-butadiene y ie lds 8% 
mono-hydroborated product; with 1 ,3-cyclohexadiene mono-hydro­
boration is achieved in nearly  88%. On a p repara t ive  scale, 
however, using 100% excess  o f  trans-p ip e r y le n e , 74% yield o f the 
terminal alcohol is obtained. The yie lds mentioned above are 
based on the borane used , not on diene p resen t or conve r ted ,  
and there fo re  are not useful fo r  preparative  purposes .  We reasoned, 
however, that a hindered borane would attack pre fe ren t ia l ly  the 
methylene terminus o f  10,11-dihydro-j8-turmerone (1 2 ) ,  and attempted 
the reaction with borane-dimethylsulphide c o m p le x ^ ,  diisoamyl- 
b o ra n e ^ ,  and 9 -borab icyc lo [3 .3 .1 )nonane^* >78,80 ( 9_ b b n ) # The
a After 2h reaction
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results were not conclusive, although complex mixtures appeared 
to be obtained from the reaction of boranes with compound (1 2 ) .  
It was dec ided that a simple model compound was necessary to
urmerone
study the reaction . 4 ,4 -D im ethy l- l-m ethy lenecyclohex-2-ene (4 )
was synthesised  accord ing to the scheme in f i g . 3.7 (see also 
section 6 .7 ) ,  and subjected to hydroboration  with 9-BBN. Still,
Figure 3.7
mixtures of alcohols were obtained. This is consistent with the 
observation that conjugated dienes react with boranes at a slower 
rate than isolated olefins. Thus, when a 1,3-diene reacts with 
a borane, the initial addition is slow, generating a mono-olefinic 
adduct which reacts rapidly with another borane molecule, generating 
the dihydroborated product. This occurs even with boranes as 
sterically demanding as 9 -BBN or diisoamylborane.
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Epoxides have been prepared from olefins by the action of 
8 1 ~83  85a va r ie ty  o f peracids ’ , in what is known as the Prilezhaev
reaction (especia lly  in the Eastern Bloc cou n tr ie s ) .  This is a
se lective method o f oxidation of carbon-carbon  double bonds in
83  8 6the presence o f  hydroxy l and carbonyl groups ’ . The mechanism
of the epoxidation is believed to in vo lv e  e lectrophilic attack on
84 87the olefin by the peracid ’ . This generates an electron donoi—
87acceptor complex (EDAC) which may rearrange  to the epoxide
and the acid (see  f i g . 3.8) or may u ndergo  other transformations.
These other transformations invo lve  the generation o f ketones or
87aldehydes without the oxirane being an intermediate . Under
g9_92
certain conditions , the product oxirane may also rearrange
to carbonyl products, so the mechanistic landscape can be. v e r y  
complicated. The net result o f  the epoxidation is an oxygen
tran s fe r  from the peracid to the o le f in ,  and the rate o f  the
reaction is enhanced by alkyl substitution on the o le fin . Electron 
w ithdrawing groups on the peracid also increase the rate  o f oxygen  
tran s fe r ;  thus, peracids increase in ac t iv ity  at a similar rate 
as th e ir  acid ity increases®^.
Oxidation of j3-phellandrene (15) by organic peracids has 
been reported ; the first double bond was oxidised in less than 
lh with perbenzoic and perphthalic acids, and the second double 
bond was oxidised after 75h. The oxidation products identified 
were the monooxide and phellandral (16 ); the yield of phellandral 
increased when the oxidation was carried out at higher temperatures 
and in acidic media, which was consistent with the formation 
of a terminal mono-epoxide. Yields, however, were not quoted 
(see f i g .3 .9 ).  These results prompted us to explore the possibility
69 -
o f using this reaction to ach ieve  the monofunctionalisation we required .
Using 4 ,4 -d im ethy l- l-m ethy lenecyc lohex-2 -ene  as a model com­
pound, several peracids w ere s tudied. m-Chloroperbenzoic acid 
(M C P B A )  in CDC lj resulted in isomerisation to the endocyclic 
d iene , but this reaction was suppressed when the MCPBA was
was ev id en t  a fter  lOh at room temperature; h igh er  temperatures
p-Nitroperbenzoic acid in dichloromethane did not react with the
spectrum of the reaction mixture was practically unchanged, even 
when excess peracid was employed, or the reaction was heated 
under reflux for 2h. When peracetic acid was used (40% peracetic 
acid in acetic ac id ),  with the addition of solid sodium carbonate 
to neutralise any residual sulphuric acid, extensive epoxidation 
of the model compound occurred, but the reaction was not selective; 
complex mixtures were obtained, which could not be adequately 
characterised.
0 CHO
F igu re  3.9 (16)
washed with pH7 aqueous b u f fe r  be fo re  use 102 No epoxidation
caused decomposition o f  the p e r a c id ^ ,  but no epoxidation occu rred .
model compound; after ca. lOh at room temperature, the *HNMR
As mentioned above, electron-withdrawing moieties on the peracid 
accelerate the rate of oxygen transfer. Hydrogen peroxide is 
not sufficiently electrophilic to epoxidise an isolated carbon-carbon
70
*
double bond , but when the -OOH group is conjugated to a double-bond
101 97 9 8its reac t iv ity  is enhanced . Payne ’ employed this by generating
peroxyimidic acids by the base-catalysed addition o f  hydrogen
peroxide to n itr i les . These reagents are genera lly  prepared in
situ , and have found widespread application in the epoxidation 
93 94 99 100of olefins ’ ’ ’ . Use o f  e ither acetonitrile or benzonitrile
with hydrogen  perox ide as the source o f peroxyim idic acids, did 
not result in epoxidation of the model compound.
Epoxides which have been obtained with d i f f icu lty  by direct
epoxidation of the alkene, such as ethylene ox ide ,  have been
prepared with great ease from the alkene in a 2-step  procedure
via the alkene ch lorohydrin* . Ch lorohydrins can be prepared
104from olefins by the action of hypochlorous acid . Hypochlorous 
acid can be formed in situ by chlorine in w a t e r ' ^ ,  but is perhaps 
more conveniently prepared from yellow mercuric ox ide and chlorine 
as a standardised solution in carbon t e t r a c h lo r id e *^ .
When 1.4M hypochlorous acid was reacted with 4 ,4-dimethyl-
methylenecyclohex-2-ene, and the crude product o f  this reaction
treated with aqueous sodium hyd rox ide ,  the resu lt ing  yellow oil
was a complex m ixture, the products o f  which could not be identif ied.
Presumably, ch lorohydrin  formation had not been se lect ive . The
mechanism o f addition o f halohydrins to o lefins is e lectrophilic.
107The precise nature of the electrophile is still under dispute . 
because with aqueous hypochlorous acid the electrophile could be 
Cl^O or i^O C l* ;  and both are more electrophilic than Cl+ . If 
there is initial attack on the olefin by the HOC1, generating 
a carbocation (see f i g .3.10) in the case of 4,4-methylenecyclohex- 
2-ene, it was reasonable to expect that initial attack would occur
7 ]
Cl CI
OH OH
Figure 3.10 Addition o f Hypochlorous Acid to Olefins
to genera te  the ch lorohydrin  at the methylene terminus. This 
supposition is made on steric grounds and the allylic stabilization 
o f  the intermediate carbocation. However, once more, the intermediate 
carbocation is sh o r t - l iv ed ,  being rapidly captured by the nucleophile, 
generating a mono-olefin , which could react with more hypochlorous 
acid. Although we cannot be certain from our limited ev idence , 
the complexity o f  the products obtained in our studies point to 
the possib il ity  o f  competition between 1,2- and 1,4- addition, 
as well as fu r th e r  reaction o f  the mono-olefin generated a fte r  
the initial addition.
This parallels the situation in the chlorination and bromination 
of 1,3 -bu tad iene^® ’ ^ ^ ’ ^ ^ ,  where there is substantial competition 
between 1,2- and 1,4- addition, although proportions may vary  
with temperature, as in addition of HC1 to dienes*^®. This points 
to kinetic v_s. thermodynamic control, 1,2- addition being kinetically 
favoured. N o rd lä n d e r^ * reported that 1,2- addition of DC1 to 
trans-piperylene was kinetically favoured. This was difficult to 
explain if protonation (or  deuteration) of the diene resulted in 
a symmetrical allylic cation: the chlorine could not differentiate 
between the termini of the cation on electronic grounds. The 
preference for 1,2- addition on kinetic control was explained by
72 -
the formation of ion-pairs which would equilibrate (see f i g .3.11) 
before collapsing to products.
D C U  ^
O '  C\
F igu re  3.11 Ion-pairs in addition o f  DC1
It was clear, then, that successful mono-functionalisation of 
dienes would have to rely on a reaction that would give exclusively
1,2- or 1,4- addition, and that would be appreciably slower on 
the intermediate mono-olefin. The differentiation had to arise 
on either electronic or steric grounds, or both. It has been 
shown that severe steric constraints, such as those that arise 
during hydroboration with 9 -BBN or diisoamylborane, are not suffi­
cient. We had been over-optimistic in expecting a high kinetic 
preference for mono-epoxidation of the terminal methylene of 4 ,4 - 
dimethyl-l-methylenecyclohex-2-ene.
Schwartz* reported the reaction between chlorobis( *1 -^
113cyclopentadienyl)zirconium hydride and 1,3-butadiene and tran s-  
114piperylene , to give terminally substituted, alkyl-zirconium corn-
113pounds (see f i g .3 .12 ). He had previously reported that similar
73
( C p ) 2ZrHC;
+
Figure 3.12 Hydrozirconation of 1,3-dienes
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alkylzirconium complexes could be oxidised to p rov id e  terminal
alcohols. In this manner, hydrozirconation-oxidation would provide
a route fo r  terminal oxidative functionalisation o f  1 ,3 -d ie n es ^ ^  .
5
Chlorobis( rj -cyclopentadienyDhydridozirconium was prepared  accor-
117 118ding to the procedure o f Wailes ’ and reacted with 4 ,4-dimethyl- 
l-methylenecyclohex-2-ene in benzene fo r  4 hours. Dry oxygen  
was then bubbled through the solution, and a fte r  acid hydro lys is  
the only organic product isolated was unchanged s tart ing  material. 
None o f the expected terminal alcohol could be detec ted . Presumably, 
if  an alkylzirconium species is formed, the elimination depicted
in fig .  3.13 is facile. Other procedures for hydrozirconation  are
119not suitable for conjugated dienes or invo lve  no substantial 
d ifference with the conditions attempted ( e . g .  r e f . 120).
We decided to continue our exploration o f the reactions of
1,3-dienes with a metal h ydr ide  that was easily genera ted , and
whose environment would place la rge  steric demands on the 1 ,3 -d iene,
to force metallation at the methylene terminus. The choice was
a hydridocobaloxime, and the chemistry o f this process is discussed
in Chapter 5. Although this did not react with non-activated
dienes, it constitutes an in terest ing  side-road in our research ,
121and its implications are still under investigation
Many 1,2- and 1,4- additions to 1,3-dienes are known, although
many do not seem to be selective. tert -Butylhypochlorite and
hypobromite add to 1,3-dienes to give t-butyl ethers, although
122 1231,2- and 1,4- addition has been reported ’ . Additions of
nitroso compounds*^ 126,128 resujt ¡n i ,4-difunctionalised adducts, 
but the reactions are not really applicable to our synthetic problem.
76
Palladium-catalysed 1 ,4-acetoxychlorination o f  1 ,3-dienes has been
127reported  by Backvall , but the resu lts  are disappointing; 1,2- 
and 1,4- addition products, as well as regioisomers resulting from 
acetyl attack at e ither terminus o f the unsaturated system, are 
produced. They are not p repa ra t ive ly  useful reactions.
What was needed, th e re fo re ,  was a 1 ,2 - or 1,4- addition 
reaction which would
a) be selective for the less h indered terminus of the diene,
b ) de-activate  the resulting olefin to fu r th e r  addition.
This was satisfied by the addition o f sulphenyl halides. As 
shown in the next chapter, sulphenyl halide addition to 1,3-dienes 
allows se lective mono-functionalisation; something that none o f the 
established methods of ox idative  olefin functionalisation was successful 
in p rov id ing .
An a lternative approach to the mono-functionalisation o f 1,3-
dienes could involve radical addition o f  a thiol to the unsaturated 
129system . The reactions with simple olefins are known to proceed
to g iv e  the anti-Markownikow adduct. For example, the addition
130o f thiophenol to styrene g ives the th ioether in good yield 
(see  f i g . 3 .1 4 ).  This th ioether can than be chlorinated a -  to
PhCH=CH AIBN">PhCHlCH>SPh \\ C u f i l )---- > phCHi CHO
97% H* °  60%
acetone
Figure 3.14
the sulphur by N-chlorosuccinimide*^, and hydrolysis of the 
chlorothioether in the presence of C u ( I I )  to oxidise the thiophenol
77
produced, g iv es  rise to the aldehyde. Such a procedure has
131been reported to g ive  heptanal from 1-heptene, in 40% yie ld
When a similar reaction was performed with a conjugated diene
and 1-butaneth io l, a fte r  4 days irradiation on ly  small y ie lds of
132the desired product were obtained (see  f i g . 3 .1 5 ) .  Reaction
feuSH .
b n u o jl ptrmiA*
Figure 3.15
133of 1,3-butadiene with thiophenol gave mainly 1,4- addition.
With cyclic conjugated d ienes , however, m ixtures o f  1 ,2- and
1341,4- adducts were obtained . Addition o f p -th iocreso l to 3-methyl-
135enecyclohexene gave mainly the 1,4- addition p roduct  (see  f ig .  
3 .1 6 ) .  The possibility o f  using this reaction to ach ieve the
o
terminal functionalisation of methylene cyclohexene systems is very  
attractive. Although further work is necessary, a preliminary 
experiment in which thiophenol and 4,4-dimethyl-l-methylene cyclo- 
hex-2-ene were mixed with a small amount of 2 ,2-azo-bis(2-methyl-  
propionitrile) (A IB N ) provided no evidence of addition after 4h 
at room temperature. In view of the excellent progress made
78
with the addition o f sulphenyl ch lor ides to conjugated dienes, 
this re - invest iga t ion  could not be performed in the time available. 
It should not, how ever ,  be fo rgo t ten , as it seems that it could 
provide an a lternative method of mono-functionalisation o f 1 ,3-dienes.
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4 Sulphenyl Chlorides and Monofunctionalisation of 1 .3-Dienes
4.1 General Remarks
The addition of sulphenyl halides to ole fins forms part of
the established armamentarium of organ ic  chem istry . Pioneered 
1 3by Kharasch ’ , 2 ,4 -d in itrophenylsu lphenyl ch loride became a
standard reagent fo r  the preparation o f crysta ll ine der iva t ives  
2 4from olefins ' . In the industrial production o f  mustard gas (1 ) ,  
a process not yet totally abandoned, sulphenyl ch lorides are important
C 2H4
SC12+C2H4 -> C1CH2CH2SC1 -> C1CH2CH 2SCH2CH2CI
(1)
F ig .4.1 Mustard Gas Synthesis
intermediates. The methods of preparing sulphenyl chlorides ’ , 
and much of their chemistry^ 11 has been reviewed. A large 
amount of work has been devoted to the study of the addition 
reactions of sulphenyl halides to olefins12 since the first studies 
by Lecher and his co-workers13 in 1925.
(4 )
Figure 4.2 Synthesis
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Addition o f sulphonyl halides to  olefins p rov id es  a ve ry  versatile
14 15functionalisation procedure. It has been used recently ’ for 
the construction of /3-lactams from , CK^/S-unsaturatcd amides 
as shown in f i g .4.2.
The addition process can be followed by a dehydrochlorination , 
16 17either as a separate step  or in a one-pot reaction , as illustrated 
in f i g . 4.3.
(6 )
orte
(8 )  (9 )
F igure  4.3 One-pot addition -  dehydrochlorination
Addition o f  phenylsu lphenyl ch lor ide has also been used 
to generate allylic alcohols and ketones from moieties possessing 
a gem-dimethyl o lefin  ( f i g . 4 . 4 ) .  Th is  il lustrates  the ease with
Figure 4.4
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which the sulphide may be oxidised to th e  sulphoxide. This 
can be achieved with in acetic a c id ^  or a va r ie ty  o f other
m ethods^  ’ ^  ^  ^ . Thermal elimination o f  the sulphinic a c id ^  
proceeds in a similar way to the selenoxide e l im ina t ion ^ ’ ^  ^  
away from oxygen  to g ive  olefins in high y ie ld . A lbe it ,  h igher
temperatures are necessary in the case o f sulphoxides (80-100°C), 
than in selenoxides ( 0 -20°C ). In both cases, a j3-hydrogen
is necessary, and a 5-membered cyclic transit ion  state has been 
postulated, as the stereochemistry o f the elimination is syn ^ ’ ^ ' ■
Hydrogens Or- to a sulphur group are much more acidic
than those in hydrocarbons or those (X- to  oxygen . This has 
been explained as the effect  o f the empty d -o rb ita ls  on the sulphur,
which overlap  with the resultant carbanion and provide the additional
32 33 34stabilization . Similar e ffec ts  are obse rved  with silicon ’ ,
33 33phosphorus and chlorine . The reality o f  this d -p  « -o v e r la p  
35has been questioned on the basis of MO calculations; ab initio
SCF-MO calculations on RSCH^ • ROCH^ and R C ^ C ^  predict
that stabilization o f  the carbanion, in the gas phase, is greatest
fo r  sulphur, followed by oxygen  and least for CH ^, whether
or not d-orb ita ls  are included in the calculation. It  has been
suggested that polarisation o f the electron d istr ibution  is a stabilising
e f f e c t ,  and this is easier with the more polarisable sulphur than
with O or C . The subject is still controvers ia l,  recent support
36 37for the d -p  « —bonding ' may not be enough to silence all
38the critics , but from a pragmatic point of view, it is relatively
easy to form Of-sulphenyl carbanions, and they can react with
alkylating agents, aldehydes and ketones, add to multiple bonds
33and undergo many of the useful reactions of carbanions
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The su lphur moiety can be removed by reduction with Raney 
39Nickel , o r ,  as shown above, by oxidation and thermal elimination,
40to g ive  o le f in s ,  or replaced by amines or ammonia
In add it ion  to the versatil ity  achieved by functionalisation 
with su lphur compounds, it must be borne in mind that they 
are much less toxic and economical than the w idely used selenium 
compounds .
The mechanism o f  the addition o f sulphenyl chlorides to olefins
has been thorough ly  invest igated , but some aspects are still the
subject o f  con trove rsy .  The addition is almost invariab ly  t ra n s ,
41as was o b s e r v e d  by Cram . The regiochemistry of the addition
42is genera l ly  that o f Markownikow orientation , although anti-
43Markownikow addition products have been observed  . There  are
several peculiar ities o f  this addition reaction: external nucleophiles
are not usually incorporated even when the reaction takes place
in acetonitrile or acetic acid; skeletal rearrangements are very
47rare, even with susceptible substrates like norbornene ; the reaction
proceeds to give trans-  adducts with cis- and trans-2-butenes
from -40 °C  to 130°C, without loss of stereochemistry; and the
addition to unsymmetrical olefins gives anti-Markownikow adducts.
These observations led to the postulation of a strongly bonded,
44bridged episulphonium ion as an intermediate, which was then 
attacked b y  chlorine at the least hindered side to give the correspond­
ing adduct ( f i g . 4 .5 ).  There are doubts, however, about the reality 
of this episulphonium ion as an intermediate in the addition of 
sulphenyl halides to olefins**1. The mechanistic picture is more
90
PK -,
(17)
Figure 4.5 Addition
complicated, even i f  some sort 
be invo lved , to explain the ste
PhSCl to is o b u ty len e^
3-membered transition state must 
hemistry o f the addition.
Although ionic dissociation of sulphenyl chlorides may occur 
49in polar so lvents , the supposition that the active e lectrophile
is a dissociated sulphenium species, in dichloromethane, is not
correct because practically no substituent e f fec t  is observed  for
4-substituted phenylsu lphenyl chlorides in the addition to E- and
Z - l -p h e n y lp ro p e n e s ^ .  I f  the reaction is v iewed as a nucleophilic
substitution on su lphur, ra ther than an electrophilic addition,
this points to an S^2- typ e  process , in which S-C l bond breaking
and C -S  bond formation are rough ly equal in the transition state.
This may be contrasted with the behaviour o f  selenyl ch lor ides,
where the rate studies o f addition to the same substrates correlate
with <J+ to g iv e  p + values o f -1 .5 3 (E )  and -1 .3 9 (Z ) .  This
indicates that posit ive charge is deve loped  in the transition state
at both the selenium and the O -carbon , and there fo re  substantial
50
Se-Cl bond breaking must occur in the  transition state
Returning to sulphenyl halide addition, then, after that first 
electronic attack the three-membered ring develops, but the chloride 
remains closely associated to the su lphur, by forming an intimate
91
jon pair (see  f i g . 4 .6 ) .  Dissociation continues, to form a solvent-
separated ion-pa ir . The rate determining step, h ow eve r ,  is the
initial e lectrophilic a t t a c k ^ , and fu rther  rearrangement o f  the
ion-pairs does not a ffec t  the rate o f the reaction. However,
product composition may be a ffected by the addition o f  salts which
51 52may displace the chlorine from the solvent-separated ion -pa ir  ’ 
This ion-pair then rearran ges , but how this occurs is not clear. 
Intermolecular attack seems unlikely, as solvent participation ( i . e .  
with CH jC N  or CH^COOH) is not observed , so it is proposed 
that the ion-pa irs  rearrange  to g ive  a suitably placed chlorine 
for trans-substitu tion , which collapses to products. In f i g . 4.6, 
this process is shown: (1 )  and (5 )  are intimate ion -pa irs ,  (2 )  
and (4 )  are so lvent-separated ion-pairs, and (3 )  is a dissociated, 
fu lly  solvated species.
In summary, then, from a pragmatic v iewpoint, the s tereo­
chemistry o f  addition is t r a n s , and the chlorine attacks the more 
posit ive ly  polarised C-atom o f  the intermediate g iv ing  mainly anti- 
Markownikow products: the reaction is governed  by charge  control, 
and steric e f fec ts  are not dominant except with t e r t - buty l substitution
of the olefin, although they are already important in isopropyl- 
53substituted olefins
Reactions of phenylsulphenyl halides with conjugated 1,3-dienes 
were reported to give products of 1,4- addition, but these were 
shown to be the result of a rearrangement of the kinetically 
preferred 1,2- adducts ’ . With one equivalent of sulphenyl
halide mono-adducts were formed, and no di-adducts were detected. 
Either the reaction with non-conjugated olefins is slower than
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with conjugated dienes, or the posit ive ly  charged intermediate
is lon g - l iv ed  enough to protect the diene from a second attack,
so all the reagent is used up be fore  the intermediate collapses.
The rate o f  addition o f methylsulphenyl ch lor ide to 1-butene
is substantia lly faster than that to 1 ,3-butadiene, as a competition
experiment g ives  a 7:3 ratio o f  products, in fa vou r  o f the butene 
55adduct . The 1,2-adducts can isomerise more or less read ily ,
accord ing to  solvent po larity , temperature and nature o f the sulphide.
Methylsu lphenyl chloride adducts rearrange  more readily  than the
55correspond ing  phenylsulphenyl adducts , presumably because the 
e lectron density  at sulphur, and there fo re  the nucleophilic ity , is 
lessened by conjugation. In our work , it was necessary to heat 
the 1 ,2 - adduct from 2 ,3-dimethylbutadiene and phenylsulphenyl
ch lor ide at 40°C for 72h to e f fec t  complete rearrangement. Mueller 
55and Butler  studied the rearrangement o f methylsulphenyl chloride 
adducts o f  piperylene , 4 -m e th y l - l , 3-pentadiene , and isoprene
Figure 4.7 Rearrangement o f 1,2-adducts
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(see  f ig .  4 .7 ) and found that the adduct from piperylene was 
the most read ily  rea rran ged , with equilibrium being reached a f t e r  
about 70h at room temperature. The  o ther two adducts w ere
slower in rearrang ing  by a factor o f  5-10; acid catalysis, h ow eve r ,  
g rea t ly  accelerated the isomerisation. The se lect iv ity  o f the reaction 
merits comment: in isoprene, attack o f both methylsulphenyl ch lor ide  
and phenylsu lphenyl chloride showed a slight pre ference  fo r  the  
more substituted double bond (57:43) but fo r  p ipery lene the se lect iv ity  
was fo r  the terminal double bond (8 6 :1 4 ) .
In a study o f  the rates and products  o f  addition o f  4 -ch loro -  
phenylsu lphenyl chloride to severa l 1 ,3 -d ienes , Schmid and h is 
c o - w o r k e r s ^  found that substitution o f  a hydrogen  o f 1 ,3-butadiene 
by a methyl group increased the ra te  o f addition. They a lso  
found that a pre ference  fo r  addition at the least substituted double 
bond , and the stereochemistry was s tr ic t ly  a n t i - . They  found 
that the initial mixtures contained 5-10% 1,4- adducts, but that 
is not su rp r is ing , as the additions w ere  preformed at 25°C.
The isomerisation can be read i ly  understood i f  the in itia l 
addition is re ve rs ib le .  As shown in f i g . 4 .6 , the covalent 1,2- adduct 
can re - ion ise  to g ive  an intimate ion -pa ir  and a so lven t-separa ted  
ion -pa ir . F i g .4.8 shows the isomerisation pathway; the ion -p a ir
C l
C l
Figure 4.8
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can rearrange  through a h igher e n e rg y  transition state to an 
ion-pair o f  the 1,4- adduct, which then collapses ir reve rs ib ly  
to the covalently  bonded 1,4- adduct.
Among isolated examples o f addition of sulphenyl halides to
1 .3 -  d ienes , two cases merit mention. F irst, the synthetically
useful addition of phenylsulphenyl chloride to O-sily lated dien- 
57d a tes  to  g ive  ,y -SLdplienylated {*j/3_unsaturated a ldehydes,
ach iev ing sulphenylation and deprotection o f the silyl en d  ether 
in one pot ( f i g . 4 .9 ) :
p k C f l
CH2=CHCH=CH2OSiMe3 > PhSCH2CH=CHCHO
Figure 4 .9
The second is the preparation o f d ienyl thioethers by sulphenyla-
16 58t ion /dehydrochlorination of 1 ,3-butadiene , and diene carbamates , 
which are useful for D iels-A lder reactions (see also r e f . 59).
Be fore  proceeding to discuss our work in this area, it must 
be said that there are o ther , exce llen t methods of sulphenylating 
o l e f i n s ^ e s p e c i a l l y  those developed by T r o s t ^ ’ ^  ^ t
H owever , there is little precedent for the ir reactions with
1.3 -  dienes.
4.2 Results and Discussion
We have already illustrated the versatility that arises from 
sulphur-substitution of organic compounds. The addition of sulphenyl
96
SPh
Figure 4.10 Sulphenyl halide 
addition followed by dehydrohalogenation
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halides to 1,3-dienes proceeds to g ive  the k inetica lly  favoured 
1,2- adduct, with the sulphide moiety at the least h indered terminus 
o f the initial diene. Following thermal or acid catalysed rearrangement, 
which is almost quantitative, the 4-position is readily  functionalised. 
Thus, the mono-functionalisation o f  1,3-dienes in vo lves  an initial 
d i-functionalisation . The additions are selective; so are the rearrange­
ments. The problem that remained was how to convert  either 
the 1,2- or the 1,4- difunctionalised product into a terminally 
mono-oxidised product.
In this context, it was known that v iny l sulphides had been 
hydro lysed  to aldehydes and ketones by a va r ie ty  o f methods, from 
simple acid treatment , mercury ( II ) -ca ta lysed  hydro ­
l y s e s ^  TiC l^-cata lysed h y d r o ly s e s ^ .  These  methods,
how ever , are not genera lly  applicable, and some substrates prove
74v e r y  d iff icult to hydro lyse  in good yie ld . O the r  methods of
generating aldehydes from v inyl sulphides invo lve  addition o f thio-
phenol or HC1, to generate the a -subst itu ted  sulphides which
7 6—7 8could be more read ily  hydrolysed e ither as the thioketals
74or the CK-chlorosulphides
Addition of phenylsulphenyl chloride to either 4 ,4-dimethyl-l- 
methylenecyclohex-2-ene or to 2 ,3-dimethylbuta-l, 3-diene proceeded 
to give a 1,2- adduct in good yield (see sections 6.7.5 and 
6 .3 .1 );  these were dehydrohalogenated by the procedure of Hopkins 
and F u c h s^ ,  to give the corresponding dienyl sulphides.
Attempts at acid-catalysed or Hg(II )-cata lysed hydrolysis did 
not produce any carbonyl compounds, but complex mixtures of
98
organic products, which were not character ised . Acid-cata lysed 
addition of thiophenol o r  HC1, did not produce the desired Ct-substit- 
uted sulphides, and although the possibilities w ere not exhaust ive ly  
exp lo red , it was dec ided to attempt a d i f fe ren t  approach.
Sulphoxides w ere  found to react with acetic anhydride by 
79
Pummerer to g iv e  Q!-acetoxy sulphides, which hydro lysed  read ily
to g ive  a ldehydes. This reaction has been used ex tens ive ly  fo r
g ives chiral t t-acetoxysu lph ides with modest enantiomeric excess
oxide O-acylation and breakdown o f this species  by the sequential
loss of a proton and dissociation to an intimate ion-pair . Th is
ion-pair rearranges to  the product-determ in ing ion-pa ir , and collapses
86
to g ive  the Ct-acetoxy sulphide (see  f i g . 4 .1 2 ) .  A recent procedure 
uses trifluoroacetic anhydride instead o f  acetic  anhydride , which 
results in fast Pummerer rearrangement and easily  hydro lysed  p rod ­
ucts.
O
II Ac jO
-> RCHO-> RCHSR'
Figure 4.11
the synthesis o f  a ldehydes from sulphoxides 80-82 , and when chiral
sulphoxides are u s e d , transfer of ch ira l ity  to the Cü-carbon
(10-70%)83.
The mechanism o f  the rearrangement 84,85 involves initial sulph-
The 1,2- adduct of phenylsulphenyl chloride and 2,3-dimethyl- 
butadiene rearranged readily to the 1,4- adduct on heating in 
acetonitrile at 40°C, in about 70h. Heating at higher temperatures
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results in concomitant dehydroch lor ination , and lower yie lds o f  
the 1 ,4- adduct. This chlorosulphide could be easily dechlorinated 
by reaction with lithium tr ie thy lborohydr ide  in THF (see be low ) 
to g iv e  the unsaturated sulphide, which was then oxid ised to
H  ^  Hs*.
|l; Et^ BH
F igu re  4.13 I
/ '— SPK / V_sPh
the su lphoxide by sodium periodate in aqueous ethanol. When 
this sulphoxide was treated with trif luoroacetic  anhydride , h ow eve r ,  
no CK-trifluoroacetylsulphide was formed, and attempted h yd ro ly s is  
o f the mixture gave  no aldehyde (^H NM R). A peak appeared  
at 6.2 ppm, indicating that the d ienyl sulphide had been form ed. 
This was explained by postulating loss o f  a proton in the intermediate
(1 ) being faster than collapse of the ion-pair to the Qf-substituted 
sulphide. By preparative TLC , a sample of this dienylsulphide 
was isolated, and shown to be identical to that prepared by  
dehydrochlorination of the 1,2- adduct of 2,3-dim ethyl-l ,3 -bu ta -  
diene and phenylsulphenyl chloride. This constituted 50% of the
- 30] -
Otfe CN
Figure 4.15
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reaction mixture, and the remaining products w ere not identif ied . 
It was thought that perhaps, a more nucleophilic acetate group 
might generate the desired Of-substituted sulphide intermediate. 
H ow ever ,  because no aldehyde products had been detected in 
the  trial reactions, an a lternative approach had to  be found.
It had been shown prev ious ly  that the chlorine in |3- chlorosul-
phides could be replaced, with retention of configuration at carbon,
45b y  a va r ie ty  of nucleophiles , and this was taken to be indicative 
o f  anchimeric assistance in the solvolysis process , involv ing a 
su lphur-bonded intermediate. It is not clear what the structure 
o f  the intermediate is ( c f . discussion above, concerning the mechanism 
o f the addition of sulphenyl halides to a lkenes ) ,  but the astounding 
ra te  acceleration and retention of stereochem istry imply that some 
episulphonium-like intermediate is invo lved . By the princip le of 
microscopic reve rs ib i l i ty ,  it ought to be identical to  the intermediate 
in the addition o f sulphenyl chlorides to  double bonds
Oxygen nucleophiles, such as MeO and OH, gave the 1,2- 
difunctionalised products in good yield (see fig . 4.15). Attempts 
to trap the intermediate with sodium borohydride in DMF gave 
mixtures of reduced products. This implies that there is competition 
between attack at C-4 and C-2 of the intermediate. When reduction 
takes place at 80°C, rearrangement competes with the attack of 
hydride at the tertiary centre. Although the product of rearrange­
ment, the 1,4- adduct could generate the same eposulphcnium 
species as the 1,2- adduct, it may alternatively suffer reduction 
by  an S^2 process. It was necessary to heat the reaction mixture 
for 3h at 80°C to obtain high yields of the reduced products
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( ~  60% combined y ie ld ) .  Lower temperatures or shorter reaction 
times gave incomplete reduction o f the tert ia ry  chloride.
The reduction o f  this te r t ia ry  chloride with te t ra -n -b u ty l-  
ammoniumborohydride in CD^CN at 75°C was followed by *HNMR 
(see  section 6 .3 .5 ) ,  and similar resu lts were obtained: a 2 :1 .5  
mixture o f 2 ,3 -d im e th y l- l - (p h en y lth io )b u t-2 -en e  and 2 ,3-d im ethyl-  
l - (p h e n y l th io )b u t -3 -e n e .  Attempts at reducing the te r t ia ry  ch lor ide
F igure  4.16
with lithium tr ie thy lborohydr ide  in THF at room temperature were 
not successfu l: no reaction had occurred a fte r  four days . The 
rearranged  product , ( 14 ) h ow ever ,  could be read ily  reduced
(see section 6 .3 .7 )  to g ive  2 , 3 -d im e th y l- l - (p h en y lth io )b u t-2 -en e :
Cl Cl
.  , ,  8 3 %Figure 4.17
in 3h at 25°C. It was this product which was oxidised with
methanolic sodium periodate to the corresponding sulphoxide. Surpris­
ingly, oxidation with excess of sodium metaperiodate for 20h at 
room temperature resulted in a 2:3 mixture of the corresponding
104
6ulphox)de and sulphonc:
(62) Figure 4.18
It became clear that replacement o f the ch lor ine o f  the |3- 
chlorosulphide by a nucleophile gave the 1 ,2 -  adduct; i f  this 
could not rearrange . In the case o f t ra p p in g  by h yd r ide  ion, 
the reaction was slow, and rearrangement o f th e  starting material 
generated a more reactive  species, the pr im ary  chloride or its
precursor ion-pair.
Figure 4.19
Replacement of the chloride with 1M NaCN in l^O -C H ^C N  
gave 14% of the required nitrile. A saturated solution gave 
55% of the same compound. In both cases the corresponding 
hydroxide was a contaminant, but could readily be removed by  
chromatography. Presumably, the use of a dipolar aprotic solvent 
or of a substituted alkyl-ammonium cyanide would increase the 
yield of these potentially useful species.
Using aqueous sodium hydroxide in dioxan or acetonitrile
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fo r  the obtention o f the /3~hydroxysulphide from the chloride 
was not a satisfactory procedure ; crude y ie lds were o f the o rder 
o f  60%, and the product was impure. Chromatography of these 
|3~hydroxysulphides o ften resulted in decomposition. Silica ge l, 
with o r without triethylamine in the eluant, was not satis factory, 
but on a small scale, neutral alumina was successfu lly  employed 
fo r  the purif ication . This purification step was obviated by the 
use o f  th e  s i lver-ass isted  hydro lys is  procedure (see  section 6 .3 .14 ).  
The crud e  product from this reaction was essentia lly  pure (S-hydroxy- 
su lph ide .
P irk le  and Rinaldi"^ ’ ^  have prev ious ly  converted  /3-hydroxy- 
su lphides to oxiranes by the methylation o f the sulphide with 
trimethyloxonium fluoroborate followed by base treatment. Initial 
attempts at repeating the ir  procedure on /3-hydroxysulphide ( 11 ) 
were not immediately rew ard ing ; the ox irane, i f  formed, was v e r y  
delicate and could not be isolated read ily .
To  obtain fu rth er  information about the applicability o f this 
p rotoco l,  a mixture o f /3~hydroxysulphides was prepared by
the action o f  sodium thiophenoxide on s tyrene oxide . This 3:2 
m ixture o f  regioisomers (section  6 .6 ) was treated with tr im ethy lox­
onium fluorobora te  in d ichloromethane, and the resu lting salts reacted 
with sodium h yd r id e .  A 1:1 mixture o f methylphenylsulphide 
and s ty ren e  oxide was obtained in 98% y ie ld . Analytical samples 
o f  both compounds were obtained by prepara t ive  T L C .  This 
indicated that the protocol was not at fault, so it was decided 
to genera te  the oxirane from 2 ,3 -d im e th y l- l - (p h en y lth io )b u t-3 -en - l-o l  
using th is  p rocedure , but to  rearrange  this epoxide to an aldehyde 
by treatment with acid, and to characterise this a ldehyde.
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COxMe
Zn
Figure 4.20
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An authentic sample o f  the aldehyde was p repared , as shown 
in f ig .  4.18. Reformatsky reaction of methyl 2-bromopropanoate 
and acetone gave the alcohol (2 ) .  Dehydration o f this alcohol 
was surpris ing ly  d if f icu lt;  mild dehydration procedures  had no 
e f fe c t ,  but phosphorus oxych lor ide finally gave good resu lts , and 
the Q!, /3-unsaturated ester was obtained.
93Corey has claimed that dnsobutylaluminium hydride  (D IB A L )  
can reduce methyl esters to a ldehydes. With one equivalent o f 
D IBAL in CH^Cl^ at -78, no aldehyde could be seen , only starting 
material was recovered  a fte r  work-up. Two equ iva len ts  o f  D IB AL , 
under the same conditions, generated the alcohol. This alcohol 
could be obtained more read ily  by reduction with lithium aluminium 
h yd r id e ,  without conjugate reduction o f  the double bond. Oxidation 
o f the alcohol to the CX, j8-unsaturated aldehyde proceeded readily  
with pyridinium dichromate in C I ^ C l , .
With the O', /3-unsaturated aldehyde at our disposal, we 
decided to attempt to synthesize it from the /3-hydroxysulphide 
in a 1-pot reaction, without isolation o f  the in termediate epox ide. 
It was expected that conjugation o f  the double bond with the 
a ldehyde would occur under the acid-catalysed conditions. This 
proved  to be so, and the aldehyde isolated (a s  its DNP ) from 
the reaction mixture was identical to that prepared by  the a lternative 
route (see  section 6 .3 .1 5 ) .  R ecovery  o f the a ldehyde as its 
DNP, from the reaction mixture, was not cons is ten t ; y ie lds varied  
between 12-46%. It was clear from the *HNMR o f the reaction 
m ixture, that the a ldehyde was present in a h igh er  proportion 
than the r e c o v e ry  o f  DNP would lead us to  b e l ie ve .  Perhaps
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the strongly  acidic conditions were to blame; but the preparation 
of the d in itrophenylhydrazone o f  the aldehyde obtained from the 
su lphur-free  protocol proceeded in good yie ld .
At any ra te , the  monofunctionalisation had been achieved; 
it remained to attempt it on o ther  1 ,3 -d ienes. Addition o f  phenylsu l- 
phenyl chloride to 4 ,4 -d im e th y l- l -m ethylenecyclohex-2-ene , followed 
by s i lver-cata lysed  h yd ro ly s is ,  gave  the corresponding j3- h y d rox y -  
sulphide in 68% y ie ld .  This was then subjected to  the reaction 
with tr im ethy loxon iumfluoroborate, and base treatment. Once more, 
the oxirane proved  to be troublesome to handle, and it was synthesised 
by an a lternative p rocedure ,  as shown in f ig .4 .2L  4 ,4-D imethylcyclo- 
h ex -2 -en - l-o n e  was synthesised  by Robinson annélation o f  methylv iny l- 
ketone and isobu tyra ldéhyde (see  section 6 .7 .1 ) .  Formation o f
Figure 4.21
the epoxide with dimethylsulphonium methylide is assumed to proceed 
by a similar pathway to the procedure we want to  utilise to
Figure 4.22
- no -
obtain epoxides from /3-hydroxysulphides. Attack of the methylide 
on the ketone generates an alkoxide which displaces a sulphonium 
species, thus g iv ing  rise to the epoxide. This reaction proceeded 
without problems, but some starting ketone remained. This mixture, 
however, was treated with p-toluenesulphonic acid, and the resultant 
product treated with 2 ,4-d in itropheny lhydraz ine . The hydrazones 
were separated and used as authentic standards.
The yields of a ldehyde from the /3-hydroxysulphide arising 
from 4 ,4-met hylenecyclohex-2-ene were variab le . It was thought 
that contamination with diphenyl disulphate, arising from reaction 
o f phenylsulphenyl chloride and thiophenol during the preparation 
o f the reagen t, was responsible for the variab il ity . As the
formation o f epoxide from the ketone with the methylide proceeded 
so well, it was decided to use methylsulphenyl chloride, prepared 
from sulphuryl chloride and dimethyldisulphide. This was distilled 
before use, so disulphide contamination could be avo ided; such 
contamination could be detected by ^HNMR.
Addition of methylsulphenyl chloride to 1,3-dienes proceeds 
in the same way as phenylsu lphenyl chloride, but the adducts 
rearrange more read ily . This can be avoided by immediate s i lv e r -  
assisted hydrolysis  o f the ch lorosulphide. Methylation o f the 
sulphur, followed by treatment with sodium hydride , generated 
the epoxide. This epoxide was rearranged to the conjugated 
aldehyde by treatment with acid.
The only step that remained was the oxidation of the unsaturated 
aldehyde to the 0i,/3-unsaturated methyl ester. This was performed
-  I l l  -
on 4 ,4 -d im e th y l- l - fo rm y lcyc loh ex - l -en e  using the procedure described 
95 96by Corey ’ . This consists in MnO^ oxidation in the presence
of cyanide and methanol. Cyanide attacks the a ldehyde, forming 
the cyanohydrin  which is oxidised by  manganese dioxide to the  
Qi-cyanohemiacetal, which readily loses HCN:
(76 ) (77) (78 ) (79)
Figure 4.23
This constitutes a model synthesis o f  juvabione from /3-turmerone; 
the actual synthesis was not performed owing to lack of time. 
The method of ox idative  monofunctionalisation o f 1,3-dienes may 
be genera l ly  applicable. |3~Hydroxysulphides can be read ily
formed from 1,3-dienes, as shown also b y  reactions with t ra n s -p ip e ry -  
lene. In this case, the |3- c hlorosu lphide was read ily  converted  
into a (J-acetoxysulphide, as well as the |3_hyd ro x y sulp (lide
(see section 6 .8 ) .
-  112 -
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F igure  5.1 A cobaloxime. The axial base is pyrid ine; f o r h y d r i d o  
cobaloxime, R=H . In this chapter, all alkylcobaloximes prepared 
have nyridine as axial ligand; pyridine will there fo re  be onmitted
from the diagrams
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5 Hydridocobaloximes and their Reactions
A fte r  the failure o f hydrozirconation to p ro v id e  the tool fo r  
monofunctionalisation o f 1 ,3-dienes (see Chapter 3 ) ,  it was decided 
that a cobalt species held promise as the possib le  reagent o f 
choice.
m ethylg lyox im ato )pyrid ine c o b a l t ( I I )  in the presence o f  h yd rogen .  
The suggestion was that co-ordination o f the o le fin  to the cobalt 
was not a primary step , but that a cobalt h yd r id e  species was 
generated in s itu , and it was this which reacted with the olefin^. 
The addition step was favoured by e lec tron-w ithdraw ing groups 
on the o le fin . In the case of conjugated o le f ins, the specif ic ity  
o f  the addition depended on the pH o f the reaction  medium^. 
Under basic conditions j8-addition was ob se rved ,  whereas under 
acidic conditions Qf-addition predominated (see  f i g . 5 .2 ) .  This 
observation  was rationalised by Gaudemer^ as ind icating that under
It had been shown' that olefins could be reduced  with b is (d i-
c«(t) PH 6.ru
X
*
(Co)
Figure 5.2 Addition to olefins'2
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neutral or acidic pH the species attack ing the olefin was a h yd r ido -
cobaloxime, whereas under basic conditions it was a C o ( I )  nucleophile
that attacked the o le f in . It is known that coba lox im e (I ) is a
powerful nucleophile, and many alkylcobalt species have been prepared
4
by the reaction o f cob a lox im ed ) with suitable a lkylating agents .
5
Schrauzer and Holland claimed to have isolated a crysta ll ine 
hydridocobaloxime with tr ibuty lphosph ine as an axial ligand, instead 
o f pyrid ine, by reduction o f the correspond ing chlorocobaloxime 
with sodium borohydrid e .  The compound presents an absorption 
in the *HNMR at 6.0ppm in hexane, which the authors assign 
to the hydride species. This chemical shift is untypical o f  metal 
hydr ides . Some values determined fo r  other hydr ides  a re^ ’ ^ :
Hydride (PP '
CoH (C O )4 -10.2
CoH (P F 3) 4 -12.5
C o H (C N )g " -12.6
MoH (C 5H5) ( C O ) 3 - 5.7
M nH (CO )5 - 7.7
P tH C l(PE t3) 2 -16.9
Unfortunately, the authors do not report ^HNMR data on o ther  
hydridocobaloximes th e y  claimed to have p repared .
7Gaudemer reported  that the thermal decomposition o f  (2 -h y d r -  
oxypheny le thy l)  pyr id ine  cobaloxime gave  rise to the correspond ing 
cobalt hydr ide . Th is  occurred  with t ran s fe r  o f hydrogen  from 
the alkyl chain, Of- to the h y d ro x y  group , as demonstrated by 
deuterium labeling. No *HNMR data were given fo r  the h yd r ide .
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Ph
W  (6)
M
(Co) * PhCHO
F igure  5.3
In the light o f  these observa tions , we decided to follow 
the thermal decomposition o f  ( 2 -h yd roxyp h en y le th y l )p y r id in e  cobal- 
oxime (6 ) by  ^HNMR. As exp ec ted ,  at 40° in D^DMSO, the 
absorptions due to  phenylaceta ldehyde were observed  ( 9.5ppm 
-C H O ) to grow  rap id ly .  Tw en ty  minutes la ter , a broad absoption 
at -3.0ppm had appeared . Th is peak became sharper , and remained 
c lear ly  v is ib le  until air was allowed to en ter the system, a fte r  
which it rap id ly  d isappeared . This peak was thought to be
due to  a m eta l-hydr ide species. Its in tensity was anomalously 
h igh , h ow ever ,  and cannot ye t  be satis factorily  exp la ined. A
g
similar absorption has been obse rved  in the thermal decomposition 
o f a fresh  batch o f  the same compound (6 )  in CD^NC^- Fu r ther
g
studies are being ac t ive ly  pursued , and it is hoped that this 
species will be conc lus ive ly  iden t if ied .
We followed the above with an experiment in which the thermal 
decomposition of cobaloxime (6 ) was performed in the presence 
of 2 ,3-dimethylbuta-l ,3-diene. Although the cobaloxime (6 ) decom­
posed, no change in the 2 ,3-dimethylbuta-l ,3-diene could be observed.
Only unchanged diene was isolated from the reaction. This was
o
surprising, because Schrauzer had synthesised crotylpyridinato- 
cobaloxime from butadiene and a mixture purported to contain
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hydrjdocobaloxim e. No alkylcobaloxime was detected e ither when 
cobaloxime (6 )  was decomposed in the presence o f  4 ,4 -d im ethy l- l-  
m ethylenecyclohex-2-ene; how ever , partial isomerisation o f the sub­
strate to the endocyclic diene was ob served .  When cobaloxime (6 )
Figure 5.4
was thermolysed in the presence o f methyl acry la te , how ever, 
a methyl doublet at 0.38ppm appeared a fte r  15min at 45°. The 
product was shown to be l-ca rboxym ethy le thy l(pyr id ine )coba lox im e:
(Co)
Figure 5.5
By using this same procedure, thermolysis o f cobaloxime (6 )  in 
the presence o f  methyl pen ta-2 ,4 -d ienoate , a crysta ll ine alkylcobal­
oxime was isolated, which was shown to be the peroxy  compound 
produced by oxygen  insertion into the Co-C  bond (see f i g . 5.6)^ .
H (— ' ^ C 0 1Me
fr»>  , f ' °
Ql (Co)
Figure 5.6
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It became clear that the procedure could generate alkylcobaloximes 
from olefins and dienes bearing e lectron-w ithdrawing substituents. 
In an attempt to increase the reac t iv ity  of o lefins towards this 
hydridocobaloxim e, the addition of s i l v e r ( I )  and P d ( I I )  was attempted.
When s i l v e r ( I  )perch lorate was dissolved in CD^OD with 4,4- 
d im ethy l- l-m ethy lenecyc lohex-2 -ene, the olefinic absorptions in the 
' h NMR sh ifted , indicating co-ordination had occu rred . Addition 
of cobaloxime ( 6 ) ,  and heating fo r  15min at 45°C resulted in 
the deposition o f  a fine s ilver mirror on the walls o f the NMR 
tube; no alkylcobaloxime was detec ted , but the cobaloxime (6 )  
was d es troyed ; obviously metal e lec tron -trans fer  redox  processes 
were o ccu rr ing . Similar disappointing results were obtained with 
(M eC N )2PdC l2 .
In summary, it was shown that the hydridocobaloxime which 
was generated by the thermal decomposition o f cobaloxime (6 )  
would react with e lectron-poor o le f ins , but not with unactivated 
mono-olefins or dienes. The reac t iv i ty  o f  hydridocobaloximes might 
be g rea t ly  a ffected  by the choice o f  axial base; instead o f  py r id in e ,  
cyano- o r n itro- pyrid ines might enhance the reac t iv i ty  o f the 
corresponding hydridocobaloximes towards unactivated o le fins. In 
our preliminary explorations, many more questions arose than could 
be successfu lly  answered. The results are s ign if ican t, though 
necessarily incomplete.
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fe Experimental
6.1 General Remarks : Materials and Methods
1-8 9Selected solvents and reagents were purif ied by standard
procedures. O xygen - free  nitrogen and argon were dried by passing
through a column o f Drierite. Flash chromatography re fers  to
14the technique described by Still fo r  short-column medium pressure 
chromatography. Petroleum re fers to light petro leum -ether , b .p .  
40-60°C.
NMR spectra r e fe r  to solutions in deuter ioch loro form , using 
tetramethylsilane as internal standard, unless otherwise indicated. 
These were recorded on the following instruments: Hitachi-Perkin 
Elmer R24B, Perkin Elmer R12 and R34, Varian EM360 and Bruker
WH400a and WH300^. Mass spectra were recorded on a Kratos 
a bMS80 or an AEIMS9 spectrometer. The GC/MS analysis o f curcuma 
oil was performed at PPF International (A s h fo rd )  with a capillary 
f r e e - fa t ty  acid phase column (W CO T) .  Other GC analyses were 
obtained using a Perkin  Elmer F l l  or a Pye Unicam 104 gas 
chromatograph. HPLC work was carried out using a Gilson 303 
Instrument with a Holochrome variab le-wave length  UV detector or 
a Waters liquid chromatograph with a re frac t ive  index detector 
or a fixed wavelength  (254 or 280nm) UV detec tor . Elemental 
analyses were obtained'3 with a Carlo Erba 1106 elemental analyser.
a Services of the University of Warwick. These spectra were 
provided by O.Howarth, E.M.Curzon and I.Katyal.
b. Services of the University of Newcastle upon Tyne. These were 
provided by S. Hill, I . McKeag, D. Dunbar, P. Kelly and S. Addison.
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6.2 React ions of Hydridocobaloxime (7)
6.2.1 (2 -H y d ro x y - l -p henylethyl)pyridinecobaloxime*'** ^  (6 )
17
A solution of bromopyridinecobaloxime (1 )  ( 1 . 8g , 4. Ommol) in 
methanol (15ml) was degassed by  v igorous  stirr ing (30min) under 
n itrogen. Sodium borohydride  (0 .1 2g , 3 .2mmol ) was added in small 
portions until the presence o f c o b a lox im e - ( I ) was indicated (deep  
green co lou r ) .  The mixture was then cooled to 0°C, s tyrene 
oxide ( 1 . 05g , 1 .0ml, 8 .7mmol) was added and the mixture stirred 
for a fu rth er  hour at 0°C. The ice-bath  was then removed, 
and sodium borohydride ( 1 . 5g , 3 .8mmol) added until the green  colour 
reappeared . -The mixture was cooled to 0°C (lOmin), allowed
to warm to room temperature and then left to stand fo r  lh ,  
a fter which ice-cold water (40ml) was added to the now dark 
red solution. A crimson solid prec ip ita ted , which was fi l tered  
o f f  under n itrogen . It was washed with water, then with petroleum, 
and dried under vacuum in a des iccator to  g ive  the title compound 
(1.22g,61%), identical with that reported  by Gaudemer et a l ^  
by proton NMR spectroscopy.
186.2.2 Thermal Decomposition of (2 -Hydroxy-1-phenylethyl)-  
pyridlnecobaloxime (6 )
(2-Hydroxy-l-phenylethyl)pyridinecobaloxime (6) (0.030g,
0.06mmol) was dissolved in degassed dimethylsulphoxide-d^, and 
the solution transferred to a d ry , nitrogen-flushed NMR tube. 
The tube was heated at 40°C for 3h in the probe of a Perkin 
Elmer R34 NMR spectrometer. Ten spectra were recorded at
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5min in terva ls , and then eve ry  15min. A fter  20min, an absorption 
at 5=-3.0ppm became apparent; this peak attained maximum intensity 
a fter 70min, and then declined rapidly to disappear completely 
within 30min. Concomitant to the appearance of the  peak at 
¿> = -3.0ppm, a peak at 9.2ppm was observed to appea r , correspond ing 
to the aldehyde proton o f phenylacetaldehyde. The peak at 0 = -3.0ppm 
was assigned to a cobalt-hydride species (7 ) .
6 .2 .3 Reaction o f  Hydridocobaloxime (7 )  with M ethylacry la te ; 1- 
( Carboxym ethyl)-ethy lpyrid inecobalox ime (8 )
Fresh ly  distilled methyl acrylate ( 0 . 09g, 1. lmmol) was dissolved 
in dichloromethane (100ml) and the solution was degassed by s tirr ing 
under nitrogen (lOmin). (2 -H yd roxy - l -p h en y le th y l )p y r id in ecob a l-  
oxime ( 7 ) ( 0 . 4 9 g , l  .Ommol) was added, and the mixture heated at 
45°C ( l h ) .  The solvent was evaporated and the res idue dissolved 
in a minimum quantity o f dichloromethane. Petroleum was added 
dropwise until some precipitation of desalkylcobaloxime was observed . 
The solution was then fi l tered , and fu rther precipitation was induced 
by addition of petroleum. This procedure was repeated until 
TLC on silica gel (MEOH-CH 2C l2-p y r id in e , 5:100:1) showed no
desalkylcobaloxime was present in the f i l tra te , and only pure 
l- (carboxym ethy l)e thy lpyr id inecoba lox im e remained. T h e  fi ltrate 
was then evaporated , to yield the tit le compound as an orange-ye l low  
solid ( 0 . 118g ,26%).
HNMR ( 220M Hz) 0.40 d J12Hz 3 H (C H j )
2.20 s 12H(4 x C H , )
3.48 s 3 H (O C H j )
7.30 m 2 H (py -  )
7.70 m lH (p y -  )
8.50 d 2 H (py -  )
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Section 6.3
6.3.1 PhSCl + CH2=C (C H 3 )C (C H 3 )=CH2- P h S C H jC (C H j )C (C H 3 :
Cl
(9 )
6.3.2 (9 ) + MeOH + [NaBH4l PhSCH 2C ( CH3 )C (C H 3 )=CH2
c h 3o
( 10 )
6.3.3 (9 ) + NaOH + H20 -----> PhSCH2C (C H 3 )C (C H 3 )=CH2
HO
(11)
Q flO
6.3.4 (9 ) + NaBH4 ” ^  PhSCH2C H (C H 3)C (C H 3)=CH2
( 1 2 )
+
PhSCH 2C ( CHj )=C (C H 3 ) 2
(13)
6.3.5 (9 ) + Bu4N+BH4 -----> (1 2 ) + (13)
6.3.6 (9 ) ---- > PhSCH2C (C H 3)= C (C H 3)C H 2Cl
(14)
6.3.7 (14) + LiEtjBH (13)
6.3.8 (13) + NaI04-----> P h S (0 )C H 2C (C H s )= C (C H , )2
(15)
6.3.9 (13) + NaI04 -----> (1 5 ) + P h S (0 )2CH2C (C H ,)= C (C H 2) 2
(16)
=CH2
Figure 6.2
-  129 -
6.3.10 (15) + (C F 3C 0 )20  -----»  (21)
6.3.11 (9 )  + CHjONa -----»  (10)
6.3.12 (9 ) + C H jC O jN a -----»  PhSCH2C (C H 3)C (C H 3)=CH2
CH3C 0 2
(39)
6.3.13 (9 ) + KCN PhSCH2C (C H 3)C (C H 3)=CH2
NC
(17)
6.3.14 (9 ) + H20 + Ag l O -----»  (11)
Ph+S (C H 3)C H 2C (C H 3)C (C H 3 
~b f 4 HO
(18)
NaH 
V
CFmCO*H A
OCH C(CH3 )=C (C H 3) 2 <---------------------  H2(>C (C H j )C (C H s ) -C H 2
(20 ) O ’ )
6.3.16 (9 ) + DBU ------> PhSCH=C(CH3)C (C H 3)=CH2
( 2 1 )
6.3.15 (11) + (C H 3) 30  BF4~ i=CH2
Figure 6.3
6.3 Reactions o f  Sulphcnyl Halides and The ir  Derivatives
196.3.1 Addition o f  Phenylsu lphenyl Chloride to  2,3-Diroethylbuta- 
diene
N-Chlorosuccinimide ( 1.21 g , 9. Ommol) was suspended in d ry
dichloromethane (10ml) at room temperature, in a round-bottomed
flask filled with a rubber septum. Thiophenol ( 0 .99g ,0 .93ml,9. Ommol )
was added to the st irred  solution, a few drops at first until
a yellow coloration appeared indicating that the reaction had been
initiated. The remaining thiophenol was added o ve r  30min wjth
vigorous s t irr ing  at 0°C, and the resulting suspension was stirred
fo r  a fu rth er  30min at room temperature. This suspension was
judged to contain 9.0mmol phenylsu lphenyl ch lor ide, and was added
to a cold ( -7 8 °C )  solution o f  2 ,3-dimethylbutadiene ( 0 . 82g ,9 .Ommol)
in dichloromethane (10ml). A fte r  the addition, the mixture was
allowed to warm to 20°C, and the solvent evaporated to g ive
a residue which was extracted  with C C I. .  The extract was stirred4
fo r  30min to complete the precipitation o f succinimide, and filtered . 
The fi l tra te  was concentrated to g iv e  2 -ch lo ro -2 , 3-d im ethy l- l-pheny l-  
th iobut-3-ene as a pale yellow oil ( 1.91 g , 93.6%).
1HNMR (220MHz ,C C 1 .)  1.79 s 3H (C H , )
q 1.80 s 3 H (C H j )
3.35 d J13Hz 1H ( CH j )
3.53 d J13Hz 1H(CHj )
4.95 s 1H(=CHZ )
5.09 s 1H(=CH2)
7.1-
7.45 m 5H(Ph)
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MS m/z 226.0575 |M+], expected for C j^ H jgS C l:  226.0583,
191[C 12H]5 S+ ] 110[PhSH + ] .
6.3.2 Attempted Reduction of 2 -Chloro-2,3-diroethyl-l- (phenyl-  
thio)but-3-ene (9 )
2 - Chloro - 2 , 3 - d im e th y l - 1 - ( phenylth io ) but -  3 - ene ( 9 ) (1 .9 0 g ,  
8.4mmol) was slowly added to a solution o f sodium borohydride  
( 0 . 75g, 20mmol) in methanol (20ml) with v igorous s t irr ing  at 0°C. 
The reaction mixture was allowed to warm to 20°C, s t irred  for 
30min and extracted with dichloromethane (3 x 100ml). The combined 
extracts were washed with brine, d r ied  (MgSO^) and evaporated 
to g ive  2-m ethoxy-2 , 3 -d im e th y l- l - ( pheny lth io )bu t-3 -ene (1.6g,86%) 
identical by ^HNMR and MS to that prepared by reaction o f  the 
chloride (9 )  with sodium methoxide in methanol ( v id e  in f r a ) .
JHNMR* (220MHz,CC1.) 1.38
q 1.68
3.03 
3.08
5.00
7.3
s 3H (CH } )
s 3H ( CH3 )
s 3 H (O C H j)
s 2H ( CH 2 )
d J1.2Hz 2H (=CH2)
m 5H (Ph )
MS m/z 222.1084 [M +], expected  for C j^H^gOS: 222.1078,
191 |M+-MeO] .
6.3.3 Hydrolysis of 2-Chloro-2,3-dimethy1-l-(phenylthio)but-  
3-ene (9 )
A solution of 2-chloro-2,3-dimethyl-l-(phenylthio)but-3-ene (9) 
(0.68g, 3.0mmol) in dioxan (5 ml) was added dropwise to
N .B .  at 60MHz, in CCl^, 
in CDCl^ they are resolved.
CH jO  and CH^ are isochronous;
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a v igorously  stirred mixture o f 3M aq NaOH (1m l) ,  water (3ml) 
and dioxan (5m l). A f t e r  3h, water (100ml) was added. The 
mixture was saturated with sodium chloride and extracted with 
dichloromethane (10 x 30ml). The  combined ex trac ts  were dried 
(M gSO^) and evaporated under reduced pressure to g iv e  crude
2 ,3 -d im ethy l-2 -h yd roxy- l  - ( phenylth io )but-3-ene ( l l ) (0 .4 5 g ,7 2 % )  as 
a l igh t yellow oil. An analytical sample was obtained by prepara tive  
T LC  on silica gel in C H 2C l2-petroleum-triethylamine (8 :9 0 :1 ) .
^ N M R  (220M Hz,CC1) 1.32 s 3H (CH3)
1.72 s 3H (CH3)
2.48 s , b lH (O H )
3.02 d J14Hz lH (C H j )
3.29 d J14Hz 1H (CH2)
4.80 s WJ7.3Hz 1H(=CH2)
5.05 s W*4.8Hz 1H( = CH2)
7.28 m 5H (Ph )
MS m/z 208.0924 [M+ ] ,  expected  fo r  C -^H j^O S: 208.0922.
fe.3.4 Reduction of 2-Chloro-2,3-dimethyl-l-(pheny1thio)but-  
3-eneZ1 (9)
Sodium borohydride ( 0 . 54g , 14.1 mmol) was suspended in d ry  
dimethylformamide (70ml) and the mixture was heated to 80°C. 
2 -C h lo ro -2 , 3 -d im ethy l- l-  ( phenylth io )bu t-3 -ene  (6 .2 7 g , 27.5mmol) was 
added  dropwise o ver  15min and the reaction m ixture was stirred 
at 80°C for 3h. Water (50ml) was added, and the mixture was 
ex trac ted  with pentane (3 x 30ml). The organ ic  ex tracts  were 
combined and washed with brine (4 x 20ml), d r ied  (MgSO^) and 
evapora ted  to g ive  4.93g (93%) o f crude material. Analysis by 
T L C  on silica gel in petroleum-ether-tr iethylam ine (100 :10:1 ) showed 
two main constituents o f a complex mixture. Analytical samples
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of the major components were obtained by prepara tive  TLC (20 x 20cm 
p la te ) on silica gel 60 in CH *C12-pet roleum-Et 3N (10 :90 :1 ).
Product A : 2 ,3-dimet h y l -1 - ( phenylt hio )bu t-3 -ene
*HNMR (220MHz ,CC1 ) 1.12
4 1.70
2.75
3.00 
4.71 
7.2
d J7Hz 3H (C H , )
s 3H (CH 3)
dd J7,14Hz 1H (C H 2)
dd J12,14H z lH (C H i )
s 2H (=CH 2)
m 5H (Ph )
MS EI:m/z 192.0956 |M+ ] expected fo r  C ^ H ^ S :  192.0957 . 192
| M+ ), 123 | PhSCH 2+ ], 110 [PhSH+ l, 83 IC ()H ;ll+ ]. +C1. reagent
ammonia, m/z 193 |MH+ ], 123 [PhSCHa+ ], 83 [C 6H 11+ ].
Product B: 2 ,3-dimet h y l -1 - ( phenylt h io )bu t-2 -ene  . This product was 
identical to that prepared  by reduction o f 4 -ch lo ro -2 ,3 -d im ethy l- l-
(phen y lth io )bu t-2 -en e  with lithiu
1HNMR (220MHz, CC1 ) 1.53
1.65
1.78
3.50
7.20
tr ie thy lborohydr ide  (Section 6.3.7).
s 3H (CH j )
s 3H (CH 3)
s 3H (CH  j )
s 2H (CH 2)
m 5H (Ph )
In addition to  the "products A and B " , some 2 ,3 -d im ethy l- l-  
(p h e n y l th io )b u ta - l , 3-diene was tentatively identif ied  in the crude 
product ( 1HNMR, 220MHz, =CHj-Ph  & =6.3ppm, s ) .  This was
not isolated. Comparison of these ^HNMR spectra with that of 
the crude material showed the combined yie ld of product A and 
B to be approximately 60%.
6.3.5 Reduction o f 2 -Chloro-2 ,3 -dim ethyl-l-(phenylth io )but-3-ene  
(9 ) with tetr«-n-butylammonium borohydride^
2-Chloro-2,3-dimethyl-l-(phenylthio)but-3-ene ( 9 )(0.090g,
0.39mmol) and tet ra-n-butylammonium borohydride ( 0 . lOg , 0 . 39mmol) 
were dissolved in CD^CN (0.5ml) in a 5mm NMR tube and the 
reaction was followed by  ^HNMR.
Starting material:
HNMR (60MHz, CD jCN ) 1.1 s 6H(2 x C H , )
3.45 s 2H( C H , )
4.90 5 1H( = C R ? )
5.05 s 1H (=CH ,)
7.1 m 5H(Ph )
3h a fter  the addition o f 1 equivalent, the absorptions at 1.1 
and 3.45ppm showed substantial broadening, whereas there  was 
no relative change in those at 7.1, 5.05 and 4.90ppm. The
reaction mixture was then washed with water (4 x 15ml) and 
dried (MgSO^). The ' h NMR spectrum of the solution was now 
seen to be consistent with that of a 2:1.5 mixture o f 2 ,3-dimethyl-
l - (  phenylth io )but-2-ene and 2 ,3-dimethyl-1- ( p h en y lth io )b u t-3 -en e .
6.3.6 Rearrangement of 2-Chloro-2,3-dimethyl-l-(phenylthio)but-  
3-ene (9)
6.3.6.1 2-Chloro-2 , 3 -d im ethy l- l- (pheny lth io )bu t-3 -ene  was distilled 
(Kuge lrohr ,  oven temp. 96-135°C/0. 05mmHg) .  The  ^HNMR spectrum 
of the distillate showed no olefinic protons, indicating complete 
rearrangement into l - c h lo ro -2 , 3 -d im ethy l-4 - (phenylth io )bu t-2 -ene  
(14)(60%).
6 .3 .6 .2  2 -C h lo ro -2 ,3 -d im ethy l- l- (pheny lth io )bu t-3 -ene  was left at 
room temperature fo r  1 month, a fter  which time rearrangement 
to l -ch lo ro -2 ,3 -d im ethy l-4 - (pheny lth io )bu t-2 -ene  was complete. The 
crude oil was distilled (K u ge lroh r )  to g iv e  (14 ) as a colourless 
oil (97%).
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6.3 .6 .3  2 -C h lo ro -2 ,3 -d im eth y l- l- (ph eny lth io )bu t-3 -en e  (0 .05g, 
0.2mmol) was d issolved in CD^CN (0 .5ml) and degassed with a 
stream of d ry  n itrogen , in a 5mm NMR tube f it ted  with a rubber 
septum. The tube was incubated at 40°C and ^HNMR spectra 
were taken at in terva ls . A fte r  90h, the rearrangement was complete, 
as evidenced by disappearance o f  the absorptions in the olefinic 
region o f the spectra . Based on the final *HNMR spectrum of the 
serjes, w'e concluded that the product consisted o f a 1:1 mixture 
o f  (E )  and (Z ) - l - c h lo r o - 2 , 3 -d im ethy l-4-( phenylth io )bu t-2-ene  (14 ) .
The ^HNMR of products o f experiments 6 .3 .6 .1 ,  6 .3 .6 .2  and
6 .3 .6 .3  were similar, indicating a mixture o f E and ^  isomers 
was present but in va ry ing  proportions depending on the method 
o f preparation. Assignments o f  the spectra were obtained from 
these mixtures; the corresponding absorptions can be assigned 
to  each compound, although the absolute stereochem istry about 
the double bond has not been determined.
Isomer 1:
^ N M R  ( 60MHz) 1.85 s 3H( CH3)
1.90 s 3 H (C H j )
3.45 s 2H (C H Z-S R )
3.95 s 2 H (C H j-C l )
7.1 m 5H (Ph )
Isomer 2:
XHNMR ( 60MHz) 1.75 s 3H (C H S)
1.95 s 3H (C H 3)
3.50 s 2H (C H 2-S R )
3.75 s 2 H (C H 2-C1)
7.1 m 5H (Ph )
Calculated shift fo r  methylene protons next to  a chlorine and
a double b o n d ^ (=C-CH j - C l ) .
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8 = 0.23 + y ^ e / (  6 )
-e/( 8 ) fo r  CH 2-C1 = 2.53 
^/ ( 6 ) fo r  R 2C = C -C H 2 = 1.32 
6= 0.23 + 2.53 + 1.32 = 4.08 (found 3.95 and 3.75ppm)
MS ( o f  mixture) 226|M+ ] 110[PhSH t
6.3.7 Reduction o f  l -C h lo ro -2 . 3 -d im ethy l-4 - (pheny lth io )bu t-2 -ene
no Oi
(14) with Lithium T r ie th y lb o roh yd r id e  ’
A d ry  reaction flask fitted  with magnetic fo llower, re f lu x  
condenser and an inlet for d ry  n itrogen was immersed in a w ater 
bath at 25°C, charged  with 1M lithium tr ie thy lborohydr ide  in te t ra -  
hydrofuran  (5 .46m l).  To this was added a solution o f l - c h lo r o -2 ,3- 
dimethyl-4-( pheny lth io )bu t-2 -ene  ( 0 . 62g , 2 .7mmol) in THF (3m l). The  
mixture was stirred  for 3h at 25°C . Water (10ml) was then
added, and the product was ex tra c ted  into petroleum (5 x 30ml). 
The combined ex trac ts  were dried (MgSO^) and evaporated to 
g ive 0.46g (87%) o f  crude 2 ,3 -d im e th y l - l - ( p h en y lth io )b u t-2 -en e ,
which was distilled (K u ge lroh r ,  O.lmmHg oven temp. 135°C) to 
g ive 0.44g (83%) o f the product as a colourless oil.
! HNMR (60MHz ,C C 1 ) 1.49 s 3H (C H 3)
q 1.58 s 3H (CH 3)
1.72 s 3H (CH 3)
3.40 s 2H( CH2)
7.0 m 5H (Ph )
MS m/z 192|M+ ] 110|PhSH+ ] 83 [C6H11+ )
6.3.8 Oxidation of 2,3-Piroethyl-l-(phenylthio)but-2-ene (13) with 
25-27Sodium Metaperiodate
A solution o f  2 ,3 -d im e th y l- l - (p h en y lth io )b u t-2 -en e  (0 .1 8 g ,  
0.95mmol) in methanol (2ml) was added  dropwise to an aqueous
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solution (2ml) o f sodium metaperiodate ( 0 . 22g , 1 .04mmol) at 0°C. The 
mixture was stirred  (3h ) at 0°C and then at 20°C (18h ), a f te r
which it was extracted with dichloromethane (3 x 10ml). The 
combined extracts  were dried (M g S O . )  and evaporated to g ive  
0.144g (73%) o f 2 -m ethy l-3-( phenylsu lphinylmethyl)but-2-ene (1 5 ) .
^ N M R (220MHz, CC1.) 1.48 s 3H(CH3)*4 1.70 s 6H(2 x CH3)
3.30 d J17H z 1H(CH2)
3.57 d J17Hz 1H(CH2)
7.48 m 5H(Ph)
+ . + . + .
MS m/z 208 [M+ ] 126 [PhS (0 )  + ] 83 [C6Hn  + ]
IR 1045 S=0
6.3 .9 Oxidation o f  2 ,3 -D im eth y l- l- (ph eny lth io )bu t-2 -en e  (13 ) with 
excess Sodium Metaperiodate
A solution o f  sodium metaperiodate (1 9 .6 g , 92mmol) in water 
(150ml) was cooled to 0°C. To this was added dropwise to a solution 
o f 2 ,3 -d im ethy l- l- (ph eny lth io )bu t-2 -en e  (8 .84g ,46mmol) in ethanol 
(150ml) and the resulting mixture was stirred  fo r  lh  at 0 °C , 
and 20h at room temperature. The mixture was extracted with
petroleum (4 x 50ml) and the combined extracts were dried (MgSO^) 
and evaporated to g ive  a 2:3 mixture of 2 ,3 -d im ethy l- l- (ph eny lsu l-  
phinyl )bu t-2 -ene  (15) and 2 ,3 -d im eth y l- l- (ph en y lsu lph ony l )bu t-2 -  
ene (1 6 ) (8 .3 0 g ) .  TLC on silica gel in CH2C12 (stained with 
iod ine ):  R f 0.16 (su lp h ox id e ) , 0.40 (su lphone).  In the same 
system, 2 ,3 -d im eth y l- l- (ph en y lth io )bu t-2 -en e  has an R f  o f  0.75. 
In C H 2C l2-ethy l acetate (1 :1 ) ,  the corresponding R f values are 
0.23 (su lp h ox id e ) ,  0.46 (su lphone) and 0.88 (su lph ide ).
The crude mixture was d issolved in dichloromethane at 0°C and
petroleum was added to induce crysta ll isa t ion . Further recrystalisa- 
tion (2 x )  from dichloromethane ga ve  2 ,3 -d im e th y l - l - ( phenylsulph-
HN MR ( 60M Hz )
MS
35%) as a crysta ll ine solid, m .p. 93
1.28 s 3H (CH 3)
1.60 s 3H (C H 3)
1.75 s 3H ( CH3 )
3.79 s 2H (C H 2)
7.5 m 5H (Ph )
[M+ ] , expected  fo r C 12H16S 0 2:
224.0871; 83 lC 6Hn  ]
IR 1665 w c=c, 1378 m - S (0 ) j
The mother liquors were e vapo ra ted , and the yellow oil was 
distilled (K u ge lroh r ,  O.OlmmHg, oven temp. 138°C) to g ive  2,3- 
d im e th y l - l - (  phenylsu lph iny l)bu t-2-ene ( 15 ) ( 1.91 g ,20%) identical to 
that obtained in experiment 6 .3 .8 .
fe.3.10 Attempted Pummerer Rearrangement of 2,3-Dimethyl-l-  
(phenylsulphinyl)but-2-ene (15)
2 ,3 -D im ethy l- l- (pheny lsu lphinyl)bu t-2-ene (15 )( 55 mg, 0 .26mmol) 
was dissolved in dichloromethane (5m l),  cooled to -78°C , and stirred 
under d ry  nitrogen (10min). Tr i f luoroacet ic  anhydride (55mg,37pl, 
0.26mmol) was added dropwise, via s y r in ge ,  o ve r  10min, and the 
reaction mixture was stirred fo r  20min. The mixture was allowed 
to  warm to room temperature, washed with saturated aqueous sodium 
bicarbonate solution, dried (M gSO ^) and evaporated to g ive  a 
l igh t  yellow oil (0 .029g ).
^HNMR presents inter alia:
(60MHz ) 1.9 s 3 H (C H j )
4.8 s 1H (=CH2)
4.9 s 1H (=CH2 )
6.2 s 1H (=CH -S  )
and no peaks in the region 8-12ppm ( i . e .  no a ldehyde ).
A sample o f 2 ,3 -d im e th y l - l - (p h en y l th io )b u ta - l , 3-diene was iso­
lated by prepara tive  TLC . This was identical (T L C .^ H N M R ) to 
that prepared in experiment 6.3.16. From the ^HNMR of the 
crude material, this product constituted 50-60% of the products . 
No other products were identified.
6.3.11 2 ,3 -D im ethy l-2 -roe thoxy- l- (pheny lth io )bu t-3 -ene  (10 )
2 -C h lo ro -2 ,3 -d im eth y l- l- (ph eny lth io )bu t-3 -en e  ( 9 ) (0 .2 1 g ,
0.94mmol) was added dropwise to a rapid ly stirred solution o f 
sodium methoxide ( 0 . 056g , 1 .03mmol) in methanol (1ml) under n itrogen. 
The solution was then st irred  fo r  24h at room temperature. The 
reaction mixture was poured into w ater (30ml), and extracted  
with petroleum (5 x 80ml). The ex trac ts  were washed with brine 
(3 x 10ml), dried (M gSO ^), and evaporated to g ive  the title 
compound (10) as a colourless oil (0 .20g,98% ).
1HNMR (220MHz, CC1.)*  1.38 s 3H (CH 3)
q 1.68 s 3H (CHS)
3.03 s 3H (CH 30 )
3.08 s 2H (CH 2 )
5.00 d J1.2Hz 2H (=CH2)
7.3 m 5H (Ph )
MS m/z 222.1084, expected for C ^ H ^ O S :  222.1078 198[C12H15S+ )
* In CDClj the diastereotopic methylene protons are resolved 
into an AB quartet.
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6.3.12 Z-Acetoxy-2,3 -dimethyl-l- (phcnylthio)but-3-ene (lfe)
2-C h loro -2 , 3 -d im ethy l- l- (  phenylth io ) bu t-3 -ene  ( 9 ) (0 .2 1 g ,
0.91mmol) was dissolved in glacial acetic acid (1m l) ,  and potassium 
acetate ( 0 . 15g, 1 .5mmol ) was added. The mixture was stirred 
at 20°C (44h ),  then poured into water (50m l),  and extracted
with petroleum (3 x 50ml). The ex trac ts  w ere washed sequentially 
with saturated aqueous sodium bicarbonate solution (10ml) and 
brine (2 x 20ml), dried (MgSO^) and evaporated  to g ive  2-acetoxy-
2 ,3 -d im e th y l- l - (  phenylth io ) but -3-ene (0 .21g,93%) .
' h NMR ( 60MHz ) 1.60 s 3H( CH3)
1.70 s 3H (CH3)
1.80 s 3H( CH3)
3.25 d 2 J12Hz 1H (CH2)
3.50 d 2J12H z 1H (CH2)
4.80 s 2H (=CH2 )
7.1
4- .
m 5H(Ph )
MS m/z 250.1040 |M+ ) ,  expected for  c 14H i 80 2S: 250.1027;
208[C12H15OS+ ] 190[C12H13S+ ] 123 [PhSCH2 + ] 
110 [ PhSH+ ] 83 [C6Hn  + ]
IR 1748,s , ( C=0 )
6.3.13 2-Cyano-2,3-dimethyl-l- (phenylthio )but-3-ene (17)
6.3.13.1 2-Chloro-2,3-dimethyl-l- (phenylthio )but-3-ene (9 ) (0.24g , 
1.03mmol) was added dropwise to a 1M solution of potassium cyanide 
in water-acetonitrile (1:1,2.5ml) and the mixture was stirred for 
3h. The product was extracted into dichloromethane and the 
extracts were dried (MgSO^) and evaporated to give a light yellow 
oil. TLC on silica gel (C H 2C12) showed spots with Rf 0.42 and 0.63. 
The products were isolated by preparative TLC on silica gel (C H 2C12)
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and were 2 ,3 -d im ethy l- l- ( phenyhh io )bu t-3-en -l -ol (11 ) ( 0 . 112g , 52%) 
(identical by ^HNMR and TLC on silica gel (C H 2C12) ,  R f :  0.42,
to that prepared in experiment 6.3.3] , and the title compound
(17 ) ( 0 . 032g,14.3%) 1 TLC on silica gel (C H 2C12) R f :  0 .63 ).
1HNMR ( 60MHz ) 1.50 s 3 H (C H j)
1.75 s 3H (CH3)
3.15 s 2H ( CH 2 )
4.95 s , b 1H(=CH2)
5.01 s 1H(=CH2)
7.1 m 5H(Ph )
6.3.13.2 A solution of 2 -ch loro-2 , 3 -d im ethy l- l- ( phenylthio ) but-3-ene 
( 0 . 33g , 1 .43mmol) in acetonitrile (1ml) was added to saturated aqueous 
potassium cyanide (1ml) and the resulting mixture was stirred 
at room temperature for 3 days. Product isolation as described 
above (5 .3 .1 3 .1 )  gave 2-cyano-2 , 3 -d im ethy l- l- (  phenylth io )but-3-ene 
( 0 . 17g , 55%).
^HNMR: as above
MS m/z 217.0939 (M+ ),  expected for C j j H ^ N S :  217.0925 125 [ PhSCH2 +  ] ,
1101 PhSH + ]
IR  1645, m, C=CH2 stretch; 2240, w, C=N
6.3.14_____ Silver-assisted Hydrolysis of 2 -Chloro-2 ,3 -dim ethyl-l-
( phenylthio)but-3-ene (9 )
A mixture of acetonitrile (10ml) and water (10ml) was degassed 
by stirring under a nitrogen atmosphere (15min). Silver ( I )  oxide 
(2.83g,12.2mmol) was added to the solution contained in a flask 
covered with aluminium foil to exclude light. The mixture was 
cooled to 0°C in an ice-water bath. 2-Chloro-2,3-dimethyl-l- 
(phenylthio)but-3-ene (2 .52g , 11. lmmol) was then added dropwise
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to the v igorou s ly  stirred suspension. S t ir r ing  was continued 
for lh  at 0°C . The mixture was saturated with sodium chloride, 
filtered through Celite (3 g )  and extracted with petroleum ( 8 x  50ml). 
The Celite was washed with dichloromethane (2 x 10ml) and the 
organic ex trac ts  were combined, dried (MgSO^) and the solvents 
were removed to g ive  2 ,3 -d im ethy l- l- ( phenylthio )but-3-en-2-ol (1.90g , 
82%) identical to a sample prepared by an a lternative  method 
(C f .  experiments 6.3.3 and 6 .3 .13 .1 ) by ^HNMR and T L C .  Yields 
for this reaction varied from 68-82% depending on the reaction 
temperature and the e ff ic iency  of the extraction from the aqueous 
medium.
6.3.15 l-M ethy l- l- (2 -p ropeny l)ox irane  from 2,3-Dimethyl-l- (phenyl-  
thio)but-3-en-2-ol (11)^  ^
Trimethyloxonium tetra fluoroborate  (1. lO g ,7 .4mmol) was added 
to a solution o f  2 ,3 -d im ethy l- l  (pheny lth io )bu t-3 -en -2 -o l  (1 .53g, 
7.35mmol) in d r y  dichloromethane (5ml) under a n itrogen atmosphere 
(g lo ve  b o x ) .  The solution was stirred magnetically until the 
salt dissolved (£a 1 .5 h ).  Sodium hydride (0.36g o f a 50% dispersion 
in oil, i . e .  7.4mmol o f  pure h yd r id e )  was then added to the 
solution, and was allowed to react for lh .  The so lvent was 
removed at atmospheric p ressu re ,  whilst maintaining the temperature 
below 45°C. The residual liquid was heated to 60°C, whereupon 
a fraction distilled o v e r  (0 .28g o f  a mixture o f  the t it le  epoxide 
and d ich loromethane). However, a considerable amount o f the 
product remaining in the flask decomposed to g ive  a black tar.
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1HN MR ( 60M Hz) 1.50 s 
1.72 s 
2.75 s 
5.1 s
3H (CH 3) 
3H( C H 3 ) 
2H ( CH 2 O ) 
CH2C12
MS m/z 98.0737[M+ ] ,  expected for C ^ H ^ O : 98.0732
Addition o f 1 drop o f trifluoroacetic acid to a sample o f 1 -m ethy l- l-  
(2 -p ropeny l )ox irane  (contain ing CH 2C12, diluted with CDC13 in an 
NMR tube ) caused appearance of absorptions due to 2 ,3-dimethylbut- 
2-en-l-al (20), which was characterised as its 2 ,4 -d in itropheny lhydra- 
zone (identical to that of authentic material, C f . experiment 6 .4 .4 ) .
Subsequently , no attempt was made to isolate the t it le  epoxide
by distillation and its solution in dichloromethane was treated
with trifluoroacetic acid. A fter  lh ,  a fresh ly  prepared  0.4M
42solution o f 2 ,4 -d in itrophenylhydrazine in 7.2M sulphuric acid 
(10ml) was added. The mixture was stirred  for lh ,  and was 
then extracted with dichloromethane (5 x  100ml). The combined 
ex tracts  were dried (MgSO^) and the solvent removed. The 
residue was purified by chromatography on silica ge l to g ive  
pure 2 ,4-din itrophenylhydrazone o f 2 , 3 -d im ethy lbu t-2 -en - l-a l (46%).
This preparation was repeated several times, and the recovery 
of the dinitrophenylhydrazone of 2 ,3-dimethylbut-2-en-l-al was vari­
able, but generally low. Comparison of the ^HNMR of authentic
2,3-dimethylbut-2-en-l-al with that of the product of this reaction 
indicated that the main component of the crude reaction product 
was this aldehyde. The factors which caused a low recovery 
of the corresponding 2,4-dinitrophenylhydrazone have not been 
identified.
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Section 6.4
6.4.1 (C H j  ) 2CO + CH3CH ( B r ) C 0 2CH, CHjC (0 H )C (C H 3) C 0 2CHj
CHj
(22)
6.4.2 (22) + POClj -----M C H j ) 2C =C (C H j )C 0 2CHj
(23)
6.4 .3 (23 ) + L iA lH4 -----»  (C H j ) 2C=C (C H 3)C H 2OH
(24)
6.3.16 2 ,3-Dimeth y l - l -  (phenylt hio )b u ta - l , 3-diene (21) 19
1 ,8-Diazabiciclo[ 5.4.0 )u ndec-7 -ene (DBU ) ( 3 . 04g , 20. Ommol) was 
heated to 100°C, and 2 ,3-dimeth y l-2 -ch lo ro -1 - (phenylth io )bu t-3 -ene  
( 2 . 26g , 10. Ommol) was added dropw ise . The mixture was s t irred  
at 100°C (lOmin), cooled to  20°C and diluted with 2% (w / v )  HC1 
(50ml). A gelatinous prec ip ita te  appeared and then d issolved . 
The mixture was extracted with ether (3 x 50ml). The combined 
extracts  were washed with water (25ml) and brine (25ml). A f t e r  
d ry in g  the ethereal solution (MgSO^) and removal o f the e ther ,  
a brown oil was obtained. Th is  was distilled (Kuge lrohr , O.OlmmHg, 
oven temperature u pto  130°C) to  g iv e  2 ,3-dimet hy 1-1- (phenylt h io )buta-
1 ,3-diene as a colourless oil (1.67g,88%).
1HNMR (60MHz) 1.91 s 3H (CH j )
2.00 s 3H (CH 3 )
4.90 s 1H(=CHZ)
5.00 s 1H (=CH z)
6.30 s 1H (=C H -SR )
7.20 s 5H(Ph)
for C 12H14S !; 190.0837, 175 [C jjH jj
6.4 Preparation of Authentic 2 ,3 -D im ethylbut-2 -en -l-al (20)
336.4.1 Methyl 2 ,3-dimethyl-3-hydroxybutanoate (22)
Powdered zinc was ac tiva ted^  by heating to 100°C (15min)
in cone, sulphuric acid containing a few drops of cone, nitric 
acid. After cooling to room temperature, the metal was collected 
by filtration under suction through a coarse glass frit. The 
metal was washed well with distilled water, followed by acetone, 
and finally with anhydrous ether. It was dried for 5h at 110°C.
A mixture of methyl 2-bromopropionate (8 3 .5g ,0 .50mol) ,  d r y  
acetone ( 31.9g , 40.3ml, 0 .50mol) and d ry  benzene (100ml) was placed 
in a dropp ing funnel attached to a 11 3-necked flask fitted with 
a reflux condenser and containing a magnetic fo llower. Activated 
zinc powder (36 .4g , 0 .56mol) was added to the flask. A quantity 
( ca 50ml) o f the solution in the dropping funnel was added . 
The reaction mixture was st irred  fo r  lOmin with gentle warming, 
a fter which a crystal o f iodine was added. The addition o f 
the solution in the dropp ing funnel was continued to maintain 
a slow re flux  of the solvent. When the addition was complete, 
the mixture was heated to re f lux  fo r  lh ,  a fter  which it was 
allowed to cool to room temperature. Ice-cold 20% (v / v )  sulphuric 
acid (200ml) was added. The benzene layer  was separated and 
the aqueous layer was extracted with benzene (2 x 25ml). The
organic layers were combined, washed with cold 5% (v / v )  sulphuric 
acid (25ml), 10% (w / v )  aqueous sodium carbonate (25ml) and water 
(2 x 25ml). A fte r  d ry ing  the organic layer (M gSO ^), the benzene 
was removed to g ive  a yellow oil (4 5 .6 g ) .  This was fractionally 
distilled under reduced pressure to g ive  methyl 2 ,3-dimethyl-3- 
hydroxybutanoate as a colourless liquid (34.6g,47%) b .p .  66-70°C 
at 12-18mmHg.
1HNMR ( 60MHz) 1.1
1 . 2
2.5
3.0
3.6
d J7Hz 3H ( CH j )
s 6H(CH3 x
q J7Hz 1H(CH)
s ,b 1H(OH)
s 3H(CHjO)
6.4.2 Methyl 2,3-dimethylbut-2-enoate (23)
Methyl 2,3-dimethyl-hydroxybutanoate ( 22 )(34.1 g ,0.23mol)
was dissolved in benzene (150ml) and the solution was placed in
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a round-bottomed flask fitted with a re f lu x  condenser. Phosphorus 
oxychloride (3 8 .2g , 22.8ml, 0 .25mol) was added and the mixture was 
boiled under re flux  for 3h. The reaction mixture was cooled 
and water (50ml) was added cautiously . The benzene layer was 
separated and was washed well with water (3 x 50ml) and brine 
(2 x 30ml). A fte r  d ry ing  (M gSO ^ ),  most o f  the benzene was 
removed. The residual oil was fractionally  distilled to g iv e  methyl
2 ,3-dimethylbut-2-enoate (10.84g,37%) b .p .  58°C at 12mmHg.
1HNMR ( 60MHz) 1.75 s 6H (CH 3 x 2)
1.95 s 3H ( C H j )
3.65 s 3H (C H jO )
MS m/z 128.0851 |M+ ] ,  expected  fo r  128.0837;
97[C6H90 + ] ,  6 9 [C 5H9+ ]
IR 1715 C=0 , 1645 C=C
6.4 .3  2 ,3 -D im ethy lbu t-2 -en - l-o l  (24)
To a solution o f  2 ,3-dimethylbut-2-enoate ( 1 . 28g, lOmmol) in 
d ry  ether (15ml), s t irred under d ry  n itrogen , lithium aluminium 
hydride ( 0 . 22g ,6mmol) was added cautiously. A f t e r  s t irr ing  the 
suspension fo r  lh  at 20°C, water (10ml) was added cautiously, 
followed by 0.5M NaOH (30ml). The aqueous layer  was saturated 
with sodium chlor ide, and ex tracted  with ether (5 x 30ml). The 
combined ex trac ts  were washed with br ine  (1 x 20ml), dried (MgSO^) 
and concentrated to g ive  2 ,3 -d im ethy lbu t-2 -en - l-o l  (100%) essentially 
pure by *HNMR spectroscopy.
1HNMR (60MHz) 1.1 s 9H (CH, x  3)
1.4 s lH (O H )
4.0 s 2H( CH2)
MS m/z 100.0891 [M+ l> expected  fo r  C6Hl2 ° ! 100,0888
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6.4.4 2,3-Dimethylbut-Z-en-l-al (20)
A solution of 2 ,3-d im ethylbut-2-en-l-o l (24 ) ( 0 .66g ,6 .6mmol ) 
in dichloromethane (1ml) was mixed with a suspension o f pyridinium 
dichromate ( 3 .73g , 9 .9mmol ) in dichloromethane (10ml). A fte r  s t irr ing  
the reaction mixture for 18h under d ry  argon, ether-pentane (1:1 v / v, 
20ml) was added. The resulting suspension was fi ltered  through 
a short column of anhydrous magnesium sulphate. The f i ltra te  
was care fu lly  concentrated by distillation at c£ 400mmHg. The 
residual liquid was distilled (K u ge lroh r )  to g iv e  2 ,3-dimethylbut-2-en- 
1-al (0.45g,70%) as a colourless oil.
HNMR (60MHz) 1.7 s 3H ( CH j )
2.0 s 3H (CH3)
2.1 s 3H( CH3)
9.9 s lH (C H O )
! ,4-Dinitrophenylhydrazone m.p. 197-198°C
HNMR ( 300MHz ) 1.90 s 3H (CH3)
1.91 s 3 H (C H j)
1.94 s 3H( C H j )
7.92 m lH (A r - H )
8.25 m 2H ( A r-H  )
9.10 m 1H( N =C H -)
11.10 s , b 1H(NH)
MS m/z 278.1020|M+ ) , expected fo r  ^ j2 ^ 1 4 ^ 4 ^ 4 : 278.1015
6.5 Methanesulphenyl Chloride
35 36
6.5.1 Preparation of Methanesulphenyl Chloride (25) ’
Sulphuryl chloride (34.0g,20.2ml,250mmol) was added dropwise 
to dimethyl disulphide (23.6g,22.5ml,250mmol) with thorough stirring, 
while the temperature of the mixture was maintained between -15°C
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and -20°C . A fter  the reaction mixture was stirred fo r  lh  at 
-20°C, it was fractionally distilled under reduced pressure . The 
fraction b .p .  30-32°C at llOmmHg was collected in calibrated flasks 
(up to 25ml capacity ) cooled to -78°C . The flasks were flushed 
with d ry  nitrogen , stoppered and allowed to warm to room temperature 
in a des iccator, and weighed. The desired solvent was added 
to g iv e  a deep yellow solution o f  methane sulphenyl chloride of 
known molarity. The flasks were sealed with a rubber septum 
and stored at -20°C . Be fore  using fo r  a reaction, an aliquot 
o f the solution was removed by sy r inge  and the quality o f  the 
solution was checked by ^HNMR spectroscopy I 6 CCl^ 2.9ppm, 
s , (M e S C l ) ] .  I f  any other absorptions were presen t, the solution 
was disposed of by pouring into aqueous sodium hypochlor ite . 
In genera l,  an unused £a 0.7M solution o f MeSCl in CCl^ or 
C f^C l^  was still pure a fter  7days at -20°C , if  kept under n itrogen . 
Solutions stored fo r  longer times or subjected to several uses 
showed substantial decomposition.
fe.5.2 Reaction of Methanesulphenyl chloride with 2 ,3-Dimethylbuta-
1,3-diene
A solution of 2 ,3-dimethylbuta-l ,3-diene ( 1 .32g, 16mmol) in 
dichloromethane (5ml) was cooled under nitrogen to -78°C. Methane­
sulphenyl chloride in dichloromethane (8ml of a 2M solution) was 
added dropwise, ensuring that the reaction temperature remained 
below -60°C. The reaction occurred immediately, as was indicated 
by the disappearance of the deep yellow colour of methanesulphenyl 
chloride. Once the addition was complete, the reaction mixture 
was allowed to warm up to room temperature and the dichloromethane
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was removed to yield crude 2-ch loro-2 , 3 -d im ethy l- l-  ( methylthio)but- 
3-ene (26) as a light yellow oil.
This was added dropwise to a suspension o f  s i lv e r ( I  )oxide 
( 3 . 74g , 16mmol) in acetonitrile-water (1:1 v / v . lO m l)  under argon 
and maintained at 0°C. The reaction was continued for lh  at 0°C. 
The mixture was saturated with sodium chloride, and  the suspension 
was f i ltered  through Celite. The fi ltrate was ex tra c ted  with ether 
(5 x 50ml) and the combined organic phases w ere  dried (MgSO^). 
The solvents were removed to g iv e  2 ,3 -d im ethy l- l- ( methylth io )but-3- 
ene-2-ol (27) (1.75g,75%), essentially pure by ^HNMR spectroscopy.
HNMR ( 60MHz , CC1 „ ) 1.3 s 3H (C H j)4 1.7 s 3H(CH3)
2.1 s 3H(CH3-S )
2.5 d 2J14Hz 1H(CH2)
2.8 d 2J14Hz 1H(CH2)
2.85 s 1H (O H )
4.8 s 1H(=CH2)
5.0 s 1H(=CH2)
6.6 Oxirane Opening and Closure
436.6,1 Reaction of Styrene Oxide with Sodium Thiophenoxide
Sodium hydride (2.4g of a 50% dispersion in oil,50mmol) was 
placed in a nitrogen-flushed round-bottomed flask and washed 
with pentane (2 x 10ml). Dry dichloromethane (10ml) was then 
added, and the suspension was cooled to 0°C. Thiophenol (5.51g, 
5 .11ml, 50mmol) was added dropwise over lOmin and the reaction 
mixture was stirred for 3h at 0°C to complete the formation of 
the thiolate. Styrene oxide (6.035g,50mmol) was then added dropwise 
and the mixture was allowed to warm up to room temperature.
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The mixture was s t irred  for 9h at 20°C. The resultant cream
coloured suspension was washed sequentially with water (20ml), 
0.5M HC1 (3 x 50ml) until it became a c lear yellow solution,
0.1M HC1 (2 x 50ml), water (50ml); it was then dried (MgSO^)
and the solvent evaporated . The residue, a clear yellow oil
(9 .4 2 g )  was analysed by TLC on neutral alumina ( pet roleum-CH 2C12 , 
3 :1 ) and ^HNMR spectroscopy. Both techniques indicated some 
starting material was present, and the product was purif ied  by 
column chromatography on neutral alumina ( petroleum-CH2C l2,3:1) 
to g ive a 3:2 mixture of regioisomers (7 .1g,61% ). The 60MHz 
^HNMR spectrum shows 2 ABX systems; the ratio o f regioisomers 
was calculated from the corresponding peak areas a fter  exchange 
o f the alcohol protons with D20 was complete.
1HNMR (60MHz) 3.06 q A 'B ' 2H( CH2 )
3.72 q A 2B 2 2H( CH2 )
4.18 dd X 2 1H(CH)
4.60 dd X' 1H (CH)
7.15 m 10H(Ph)
3.1-3..5 2Ha( 2 x  OH)
6.6.2 Synthesis of Styrene Oxide
The 3:2 mixture of regioisomeric |3- hydroxysulphides obtained 
in experiment 5.6.1 ( 0 . 55g,2 .4mmol) was dissolved in dichloromethane 
(10ml), and the solution was stirred under nitrogen (lOmin). In 
a dry box, trimethyloxonium tetrafluoroborate (0 .35g ,2.4mmol) was 
added to the solution, and the mixture was stirred until the 
salt dissolved (ca 25min). Sodium hydride (O . l l g  of a 50% dispersion 
in oil,2.4mmol) was then added. When evolution of hydrogen
a Integral measured by difference before and after D20 exchange
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Figure 6*5 This illustration 
depicts the reactions of 
Section 6.7 (p.153-160)
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subsided (15min) the mixture was washed with water (2 x 10ml), 
dried (MgSO^), and evaporated to g ive  a 1:1 mixture (b y  ^HNMR) 
o f styrene oxide and methylphenyl sulphide (0 .53g,98% ). Analytical 
samples o f styrene oxide and methylphenylsulphide were obtained 
by preparative TLC on silica, and were identical to authentic 
material ( ' h NMR, MS, T L C ) .
6.7 Preparation and Reactions of 4,4-Dimethyl-l-roethylenecyclo-
hex-2-ene
376.7.1 Robinson Annélation : Preparation of 4 ,4-Diroethylcyclohex-2-  
en -l-one (28)
A mixture o f fresh ly  distilled methylv inylketone (70g , lm o l)  
and isobutyraldéhyde (72g , lm o l)  was dissolved in water (100ml) 
and suffic ient methanol to ensure homogeneity. Th is solution 
was added slowly to  a well st irred  solution o f  potassium hydrox ide  
(3.7g,66mmol) in methanol (20ml). During the addit ion, the reaction 
mixture was heated slowly to 75-80°C. At the end of the addition 
the mixture was cooled to room temperature and extracted with 
e ther (7 x 50ml). The combined extracts were washed with 
brine (3 x 10ml), dried (M gSO^), and the solvent evaporated . 
The product was fractionally  distilled under reduced pressure to  
g ive  the t it le  compound ( 2 8 ) ( 30g,25%,b .p .  76-89°C at 12-22mmHg).
! HNMR (60MHZ.CC1.) 1.0
q 1.4 -
2.2
5.6
6.5
s 6H(CH, x 2)
m 4H(CH2 x 2)
d JlOHz 1H(=CH)
d JlOHz 1H(=CH)
MS m/z 124[M+ ] , 109[C?H9O+J, 96|C6HgO+ ]
IR 1682 C=Q 1629 C=C
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2 ,4 -D in itropheny lhydrazone: m.p. 261-262°C
JHNMR ( 300MHz) 1.06 s 6H (C H 3 x 2
1.71 t J6.5Hz 2H ( CH 2 )
2.56 t J6.5 2H ( CH 2 )
6.11 s 2H(HC=CH)
7.94 d JlOHz 1 H (A r -H )
8.22 m JlOHz,2Hz l H (A r - H )
9.07 d J2H z l H (A r - H )
11.1 s, b 1 H (N -H )
MS m/z 304 [ M + ]
6 .7 .2 4 ,4 -D im ethy l- l-m ethy lenecyc lohex-2 -ene (29  )
38
A flame-dried 3-necked flask fitted with a magnetic s t ir r e r ,  
condenser, thermometer and n itrogen inlet tube was placed in 
a water bath. A steady stream o f nitrogen was passed through 
the flask, and was maintained throughout the reaction . Dry 
dimethylsulphoxide (250ml) was placed in the flask and was stirred 
v igorous ly  fo r  30min. The condenser was b r ie f ly  removed to 
introduce sodium hydride  (9 .6g  o f  a 50% dispersion in o i l ,0 .2m ol) .  
The mixture was warmed to 65°C until the sodium hydride  dissolved 
( ca 1 .5h ).  The mixture was rap id ly  cooled to room temperature 
and methyltriphenylphosphonium iodide (8 0 .85g , 0 .2mol) was added 
in portions o v e r  15min. The solution became dark red ,  and 
a s lightly  exothermic reaction ensued. The temperature was maintained 
at 20°C during the addition and fo r  a fu rth er  lOmin. 4 ,4-Dimethyl- 
c y c loh ex -2 -en e - l-one  ( 28 ) (2 4 .8 g , 0 .2mol) was then added . The 
mixture was s t irred  at 50°C fo r  lh ,  cooled to 20°C, and ex tracted  with 
petroleum (5 x 50ml). The combined ex tracts  were washed with 
water (3 x 50ml), dried (MgSO^) and the solvent was distilled o f f  
at atmospheric pressure . The residue was fractionally  distilled
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under reduced pressure to g iv e  the title compound (15.8g,65%) 
as a colourless liquid ( b . p .  45° at 12mmHg).
iHNMR ( 60MHz,.CC1.) 1 .0 s 6H (CH 3 x 2)* 1.5 t J6Hz 2H ( CH 2 )
2 .3 t J6Hz 2H ( CH 2)
4 .7 s 2H ( = CH j )
5 .4 d JlOHz 1H ( = C H )
5 .9 d JlOHz 1H ( = C H )
MS ml z 122 [ M+ ] . 107 [C
+
rH
X00 91 [C7H7+ ]
IR 1638 w
Oiio 1596 C= CH?
406 .7 .3  6,fe-D imethyl-l-oxaspiro|2.51oct-4-ene
Trimethylsulphonium iodide was prepared according to the
39procedure o f Corey and Chaykovsky , recrystallised from methanol- 
petroleum, and dried under vacuum (19h ),  m.p. 212-213°C.
Sodium hydride (0 .77g  of a 50% dispersion in oil,32mmol) 
was dissolved, under n itrogen , in a mixture of dry dimethylsulphoxide 
(10ml) and d ry  tetrahydrofuran  (15ml) and the mixture was cooled 
to  -10°C with an ice-sa lt  bath. With continuous s t ir r in g ,  a 
solution o f trimethylsulphonium iodide ( 6 . 53g , 32mmol) in dimethyl­
sulphoxide (25ml) was added o ver  3min. The mixture was stirred 
fo r  a further 2min, ensuring that the temperature did not rise 
above 5°C. When the mixture reached 0°C again, a solution
o f  4 ,4-d im ethylcyc lohex-2-en-l-one  (3.72g,30mmol) in dimethyl­
sulphoxide (15ml) was added dropwise over  3minj the mixture 
was stirred for lOmin at 0°C, followed by lh  at room temperature. 
Ice-cold water (70ml) was added to the mixture and it was extracted 
with pentane (3 x 50ml). The extracts  were washed with water 
(2 x 100ml), cooled to  -20°C for 6h, f iltered while cold, and
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dried ( K , C O j ) .  The solvent was then distilled o f f  carefully at 
atmospheric p ressure , and the residue was distilled at reduced 
pressure (K u g e lro h r , 12-20mmHg .oven tem perature: 70°C) to g iv e  
the title compound (30) contaminated with 4 ,4-dimethy lcyc lohex-2 -en - 
1-one (3 .3 1 g ) .  Comparison of the *HNMR of the product mixture 
with that o f 4 ,4-dimet h y lcyc loh ex -2 -en - l-on e  indicated the yie ld
o f epoxide (30) was ca 50%.
1HNMR (60MHz) 1.0 s 3H (CH 3)
1.02 s 3H(CH j )
1.5 -
2.0 m 4H (CHj x ;
2.7 s 2H(0=CH j )
5.0 d JlOHz 1H (=CH )
5.7 d JlOHz 1H (=CH )
MS m/z 138|M+ )
IR 1643 C=C, 1289 symmetric epox ide stretch
6.7.4 4,4-Dimethyl-l-formylcyclohex-l-ene (31)
6 ,6-Dimet hy l- l-oxasp iro|  2.5 ]oc t-4 -ene*  ( 1 . 52g , 11. Ommol) was 
d issolved in dichloromethane (20ml) and p-toluenesulphonic acid 
monohydrate (3m g,1 .5  x 10 ^mmol) was added . The reaction was fo l­
lowed by *HNMR spectroscopy. The signal at 6=2.7ppm disappeared 
within lOmin, as did those at 6=5.0 and 5.7ppm. A peak appeared 
at 6=9.2ppm. A fte r  5h at 20°C, no fu rth er  change was apparent
The product from experiment 6.7.3 was used directly in this 
reaction, so alongside 6,6-dimethyl-l-oxaspiro [2.5]oct-4-ene  
(1 .52g, 11. Ommol) there was 4 ,4-dimethylcyclohex-2-en-l-one  
(0. 81g ,6 .6mmol). This ketone, however, remained unchanged 
throughout the reaction, as could be seen from 'HNMR spectro­
scopy and by the isolation of its 2,4-dinitrophenylhydrazone 
at the end of the reaction.
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and the reaction mixture was washed with saturated aqueous sodium 
bicarbonate (2 x 10ml), dried (MgSO^) and the sol vent was evaporated . 
The residue was then distilled ( K u ge lroh r .oven  temperature 50-60°C 
at l lm m H g) to g ive  the title compound (31 ) ( 1 . 12g ,74%).
1 HNMR ( 60MHz)
2 ,4 -dinit rophenylhydra zone 
^HNMR ( 300MHz)
0.90 s 6H( CH}  x i
1.40 t 2H (CH2)
2.1 d 2H (CH 2)
2.2 t 2H( CH2)
6.6 t 1H ( = CH )
9.2 s lH (C H O )
4S m/z 138[M+ ]
IR 1682 C=0
i
0.97 s 6H (CH3 x ,
1.50 t J6Hz 2H ( CHj )
2.07 d J< 1H z 2H( CH2 )
2.60 t 2H( CH2 )
7.20 s 1H( N=C-H )
7.97 d J9Hz lH (A r - H )
8.25 m 1H (=C H )
8.28 m lH (A r - H )
9.13 m lH (A r - H )
11.25 s , b 1H (N -H )
2)
MS m/z 3181M ] ,  304 [ C} 4H16N4C>4 ] .  289 I )
10 7 ' C 8 H 11 1
6.7.5 l-Chloro-4,4-dimethyl-l-(phenylthiomethyl)cyclohex-2-ene (32)
Phenylsu lphenyl chloride ( 3 . 60g , 25mmol) in dichloromethane 
(27ml) was prepared in the manner described  (C f  experiment 6 .3 .1 ) .
4 ,4 -D im ethyl- l-m ethy lenecyc lohex-2 -ene ( 2 . 05g , 25mmol) was added 
to the sulphenyl chloride solution at -78°C . The mixture was 
s t irred  fo r  3min at -78°C, and was allowed to reach room temperature.
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The solvent was rem oved , and the residue was taken up in CCl^ 
(10ml). The suspension was stirred fo r  30min , f i l tered  and evaporated 
to g iv e  the tit le compound as a colourless oil (5 .58g,83%).
HNMR ( 60MHz , CC1.) 0.90 s 6H( CH3 x  2)
1.0 - 
2.2 m 4H (C H 2 x 2)
3.3 s 2H (C H 2 -  S)
4.05 s , b w,7Hz 
s , b  w,7Hz
1H (= C H )
5.4 1H (= C H )
7.0 s i 5H (Ph )
MS m/z 266.0916[M ] ,  expected  for C j^H j^SC l:  266.0896 
230[C15Hl g S+ ] ,  121 [ C gH j3+ ] , 77 [Ph+ ]
6.7 .6__________4 ,4 -D im ethy l- l-h yd roxy -1 - (ph en y lth iom eth y l )cy c lohex -
2-cne (33 )
l -C h lo ro -4 , 4 -d im ethy l- l-  ( phenylthiomethyl )cyc lohex-2 -ene  (32) 
( 1 .24g,4.6mmol) was added dropw ise to a well st irred  mixture of 
3M sodium hydrox ide (6ml) and dioxan (6m l),  at 20°C. The 
mixture was st irred  fo r  8h, and was saturated with sodium chloride. 
The mixture was then extracted with ether (3 x 20ml), and the 
combined organic extracts  were dr ied  (MgSO^) and the solvents 
evaporated to g ive  a deep yellow oil ( l . l g ) .  Analysis o f  this 
oil by TLC  on silica gel ( CH2C12 , staining with iodine) showed 
four main components o f  a complex mixture (R f  0.46, 0.63, 0.82 
and 0 .94 ).  A sample (0 .1 0 g )  o f  the oil was fractionated by 
prepara tive  TLC  on silica gel (C H 2C12) and 4 ,4 -d im e th y l- l -h yd roxy -  
l - (p h en y lth iom eth y l )c yc lohex -2 -ene  (33) was isolated (0 .07g,70%). 
Column chromatography on silica ge l caused substantial decomposition 
o f the sample, with and without addition o f  triethylamine to  the 
mobile phase. Column chromatography on neutral alumina (M erck 1077,
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t -buty lm ethyle ther-petro leum , 3:7 ) gave homogeneous fractions of 
the tit le compound ( 33) ( 0 . 77g , 68%).
TLC  on silica gel (C H 2C12) R f :  0.63
! HNMR ( 60M Hz ) 0.99 s
1.02 s
1. 2  -
2.0 m
2.2 s ,b a
3 .10 s, 
5.40 s 
7.20 m
3H (CH 3)
3H (CH 3)
4H (C H 2 x 2) 
lH (O H )
2H ( CH2-S  )
2H(HC=CH)
5H (Ph )
MS m/z 248.12291M+ ] , expected fo r  C j ^H^qOS: 248.1235 
230[C15Hl g S+ ] , 215[C ]4 H150 + ] . 109|PhS+ ] ,  77 [Ph+ ]
6 .7 .7  4 ,4 -P im e th y l- l -h yd rox y - l - (m e th y lth iom e th y l  )cyc loh ex -
2 -ene (34)
4 ,4-D im ethy l- l-m ethy lenecyc lohex-2 -ene (29 )(0 .43g ,3 .5m m ol) 
was dissolved in d ry  dichloromethane and the  solution was cooled 
to  -78°C . Methylsulphenyl chloride solution (0 .7M ) in dichloromethane 
( 5ml, 3 .5mmol) was added dropwise with thorough s t ir r in g ,  and 
while ensuring that the temperature o f  the reaction mixture remained 
below -70°C . When the addition was complete, the mixture was 
allowed to warm to 20°C, and the so lvent was evaporated to 
y ie ld  a colourless oil (0.72g,100%) which was immediately added 
to  a suspension o f s i l v e r d )o x id e  (0.81 g , 3 . 5mmol) ,  water (5ml) 
and acetonitrile (5ml) at 0°C . The suspension was stirred fo r  lh ,  
a f t e r  which it was saturated with sodium ch lor ide, diluted with
a Exchanges with D20
b In these protons resonate as an AB quartet at 5.30ppm
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ether (50ml) and filtered through Celite (3 g ) .  The solid residue 
was washed with ether (3 x 50ml), and the fi l tra te  was separated 
and the aqueous phase was extracted with dichloromethane (2 x 10ml). 
The combined organic layers  were dried  (MgSO^) and the solvents 
were evaporated to g iv e  the tit le compound (34) ( 0 . 53g , 74%) as 
a colourless oil.
1HNMR
MS
(60MHz)
m/z 186.1079 
186 [ M+ },
1.05 s 3H (CH j )
1.1 
1.4 -
s 3H (CH j )
2.0 m 4H (CH j x 2
2.1 s ,b a lH (O H )
2.3 s 3 H (C H a-S )
2.8 s 2H (CH j - S )
5.6 s 2H(HC=CH)
[ M+ ] expected  for  C jqH ^ O S :  186.1079, 
168[C10H16S+ ], 153[C9H13S+ ]
6.7.8 4 ,4 -D im eth y l- l- fo rm y lcyc loh ex - l-en e  (31)
4 ,4 -D im ethyl- l-hydroxy-l- (phenylth iom ethyl)cyc lohex-2-ene  (32)
( 0 . 33g , 1 .32mmol) was dissolved in d r y ,  n itrogen-flushed  dichloro-
met hane (3ml) and trimethyloxonium tet rafluoroborate ( 0 . 19g, 1 .31mmol)
was added to the solution, under n itrogen , in a d ry  box . The
solution was stirred until the salt d issolved ( ca 4h) and sodium
hydride (0.063g of a 50% dispersion in o i l , 1 .32mmol) was added.
The suspension was s t irred  until evolution of hydrogen  ceased
(0 .5 h ) .  The mixture was then fi l tered  and the f i l t ra te  was acidified
-5with p-toluenesulphonic acid (10m g,5 .8  x 10 mol) and was left
for 12h at 20°C. 0.4M 2,4 -d in itrophenylhydrazine solution in
42(175ml) was prepared as described  , and was added to the reaction
a exchanges in D ,0
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Section fe.8
6.8.1 CHjCH=CHCH=CH2 + PHSC1 ----> C H ,CH =CH -Ç H C H 1SPh
Cl
(35 )
6.8 .2  (35 ) + C H jC 0 2Na  > CH3CH=CHCHCH2SPh
CHjC 0 2
(36)
6 .8 .3  (35 ) -----> CH 3CH=CH(j:HCH2SPh
OH
(37)
Figure 6.6
This illustration depicts the reactions 
described in sections 6.8 .1 -  6 .8 .3 , on p.162-164.
mixture, which was then stirred fo r  6h. The mixture was then
extracted with dichloromethane (6 x 50ml), and the extracts were 
dried (MgSO^) and the solvent evaporated to g ive  a solid residue. 
The residue was dissolved in e ther (7ml) and the solution was 
diluted with petroleum (50ml). Th is solution was filtered through 
a 5cm bed of silica gel (5gm) under suction. A mixture o f ether- 
petroleum (50ml, 3 :7 )  was passed through the silica, and the filtrate 
was evaporated to  yield crude 2 ,4-din itrophenylhydrazone of 4,4- 
d im ethy l- l- form ylcyc lohex-1 -ene (0.11g,26%) which was purified by 
preparative T L C  on silica gel (e ther-pe tro leum , 1:10) to give pure
2 ,4 -d in itropheny lhydrazone, identical ( T L C ,  ^HNMR , MS) to that from 
authentic material (C f  experiment 6 .7 .4 ) .
6.8.1 trans-2-Chloro-l-(phenylthio)pent-3-ene (35)
N-Chlorosuccinimide ( 1 . 34g, lOmmol) was suspended in dichloro­
methane (10ml) and thiophenol ( 1 . lOg , 1 .02ml, lOmmol) was added 
in the manner described above (C f  experiment 5 .3 .1 ) trans-p ipery lene 
(0.68g,lOmmol) was then added to the solution o f phenylsulphenyl 
chloride at -7 8 °C . The suspension was left to  warm to 20°C, 
the solvent was evaporated and the residue was suspended in 
CCl^ (5ml), s t ir r ed  for 30min, f i l te red , and the solvent was evaporated 
to g ive the t i t le  compound (35) as a light yellow oil (2.0g,97%).
6.8 Reactions with Piperylene
1HNMR (60MHz,CCl4) 1.70 d J5Hz
3.20 d d (A B )
4.20 ddd 
5.3 -
5.7 m 
7.1 m
3H(CHj)
2H(CH,-)
lH (C H -C l )
2H(HC=CH)
5H(Ph)
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MS m/z no M+ ; 1761 H  2S+ ] , 110[PhSH+ ]
IR 1670 w C=C trans
6.8.2 trans-2-Acetoxy-l-(phenylthio )pent-3-ene (36)
trans-2 -C h lo ro - l - (  phenylth io )pen t-3-ene  (35 ) ( 1 . 58g , 6 .9mmol)
was added dropwise to a v igorous ly  stirred  solution o f sodium 
acetate (a n h yd rou s , 1 .2 g , 20.3mmol) in acetic acid (10ml). During 
the addition, a white precip itate appeared. The mixture was 
allowed to react for  16h, and was extracted with petroleum (5 x 50ml). 
The combined extracts  were washed with saturated aqueous sodium 
bicarbonate (2 x 5ml), water (5m l),  and were dried (M gSO^). 
The solvent was evaporated to g iv e  the title compound as a light 
yellow oil (1 .62g,99% ).
HNMR (60MHz,CCl ) 1.70
1.90
5.0 -
5.6
7.1
d J5Hz 3H (CH 3)
s 3H (CH3)
m 2H ( HC=CH)
m 5H (Ph )
MS m/z 236.0904 [M+ ] ,  expected fo r  C13H160 2S: 236.0871; 
176|Cn H12S+ ] . 109lPhS+ )
IR 1748 s (C = 0 ;  acetate ) , 1675 w (C = C ;t ra n s )
6.8.3 trans-2 -Hydroxy-l-(phenylth io )pent-3 -ene (37)
N-Chlorosuccinimide (4.12g,30.8mmol) was suspended in dry  
dichloromethane (30ml) and thiophenol (3 .40g,3 .15ml,30.8mmol) was 
added dropwise to the well-stirred suspension, in the manner 
described above (C f  experiment 6 .3 .1 ). The resultant phenylsulphenyl 
chloride solution was cooled to -78°C and trans-piperylene (2 .1g,
30.8mmol) was added dropwise via syringe. The suspension was
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allowed to warm up to room temperature, and the so lvent was 
evapora ted . The residue was suspended in CCl^ (5ml) and was
stirred  fo r  20min, a fter which it was filtered and the solvent
evaporated to g ive  a light yellow oil (6.54g,100%) which was added
dropwise to a mixture of 3M sodium hydroxide (5ml) and dioxan
(5m l).  The mixture was stirred for lh ,  and was ex trac ted  with
dichloromethane (5 x 50ml). The ex tracts  were dried (MgSO^)
and the solvent evaporated to g iv e the title compound as a colourless
oil ( 4 .7g , 80% ).
^HNMR ( 300MHz ) 1.67 dd 3J6. 5Hz
4J1. 2Hz (3 H ) (C H 3)
2.65 s ,b lH (O H )
2.93 dd 2J13.6Hz
3J7.4Hz 1H (CH2-S )
3.10 dd 2J13.6Hz
3J4. 4Hz 1H (CH2-S )
4.13 dd 3J7. 4Hz
3J4. 4Hz
5.48 ddq 3J15Hz 1H ( HC= )
3J5. 5Hz
4J1. 2Hz
5.71 ddq 3J15Hz 1H (=CH -CH 3)
J6.5Hz
*JlHz
7.1 -
7.4 5H(Ph)
MS m/z 194.0763 |M+ ) ,  expected for C jjHj^SO: 194.0765
109|PhS ]
IR 3400 s .b  ( -O H ) ,  1670 w (C=C )
165 -
6.9 3-Methylenecho1est-4-ene
fe.9.1 Preparation of 3-Methy1enecholest-4-ene
3-Methylenecholest-4-ene was prepared by the method o f Sond- 
41heimer , and purified by column chromatography on silica gel 
( petroleum-triethylamine 9 9 :1 ) .  Gas chromatography coupled to a 
mass spectrometer (WCOT column , CPSil5 liquid phase , 26M , 0 . 32mm 
id ) on-column injection and an 80-300°C temperature ramp gave 
the following results:
41
Steroid Relative
Retention
( t )
Best fit 
fo r  M
Absolute 
e r ro r  
( ±mmu)
5-Q!-androstan-17-j8-ol-3-onea 0.00 C19H30°2 4
3-methylenecholest-4-ene 3.18 C28H46 3.5
cholesterol3 4.24 C27H46° 4
cholest-4-en-3-onea 4.39 C27H46° 0
3-Methylenecholest-4-ene : m. p . 70-71°C (L it  72-73°C )
^ N M R  4.5 s 2H (=CH2 )
a Introduced as internal standards
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Compounds Prepared s New Compounds are Underlined
1. (2 -h yd roxy -1 -p h en y le t  hyl )p y  ridinecobaloxime (6 ) .  Red solid, 
decomposes be fore  melting. TLC  on silica gel (E tO A c -p y r id in e , 
99 :1 ).  One yellow spot R f .0 .2 0 .  *HNMR as in R e f . 15.
2. 1 - (ca rb oxym ethy l )e t  hylpyridinecobaloxime (8 ) .  Orange-ye llow  
solid. T L C  on silica gel (MeOH-CH ¿C lj-py  r id ine 5:100:1). 
One yellow spot R f.0 .35 . ^HNMR see section 6 .2 .3 .  Similar 
to that reported  in Ref.  44.
3. 2 -ch loro -2 , 3-dimet hyl-l-£>henylt hic)but-3-ene (9 ) .  Pale yellow 
oil ( c f .  section 6 .3 .1 ) .  *HNMR, MS similar to that reported 
in R e f . 19.
4. 2-methoxy-2, 3-dimethyl-1- (phenylthio)but-3-ene (10 ). Colour­
less oil, one spot on TLC (C H jC l j ) .  ^HNMR, MS see section 
6.3.2.
5. 2 ,3-dimet hy l-2 -hydroxy -1 - (  phenylt hio )but-3-ene (11). Light 
yellow oil. TLC on silica gel (C H iC l j )  one spot Rf.0.42. 
*HNMR, MS, see section 6.3.3.
6. 2 ,3-dimet hyl-1- (phenylt hio) but-3-ene (12). Colourless oil. TLC 
on silica gel (CH jClj-petroleum-Et 3N 10:90:1) one spot. *HNMR, 
EIMS, CIMS, see section 6.3.4.
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7. 2 . 3-dimet hyl - l - ( p hen y lth io )b ut-2-ene (1 3 ) .  Colourless o i l . TLC 
on silica gel (CH  jC l j -p e t  roleum-Et 3N 10:90:1) one spot: 
(C H jC l j )  R f . 0.75. ^ N M R ,  section 6 .3 .4  and 6 .3 .7. MS 
section 6.3 .7 .
8. l -ch lo ro -2 , 3-dimet hy l-4 -  (phenylt h io )bu t-2-ene (14 ) .  Colourless 
oil, bp ca,100°C @ 0.05mmHg. ' h NMR, similar to that reported 
in re f .  45 (see section 6 .3 .6 ) .
9. 2-met hy 1-3- (phenylsulphinylmet hy i )bu t-2 -ene  (15 ).  Colourless 
oil, (solidifies ca^.-5°C). TLC on silica gel (C H jC12) one 
spot R f .0.16. ' h NMR, MS, IR : section 6 .3 .8.
10. 2 ,3-dimet hy 1-1- (pheny lsu lphony l) bu t-2-ene (16 ).  White c ry s ­
talline solid, mp 93-94°C. TLC  on silica gel (C H jC l j )  one 
spot, R f .0.46. 1HNMR, MS, IR: section 6.3 .9.
11. 2 ,3-dimet hy 1-1- (phenylt h io )buta-l ,3 -diene (21). Colourless oil. 
TLC on silica gel (CHgCla) one spot. ^HNMR: sections
6.3.10 and 6.3.16. MS: section 6.3.16.
12. 2-acetoxy-2,3-dimet hyl-1- (phenylthio)but-3-ene (38). Colour­
less oil. TLC on silica gel (C J ^ C l j )  one spot Rf.0.4. *HNMR, 
MS, IR: section 6.3.12.
13. 2-cyano-2,3-dimethyl-l-(phenylthio)but-3-ene (17). Colourless
oil. TLC on silica gel (C I ^ C l , )  one spot, Rf.0.63. *HNMR, 
MS, IR: section 6.3.13.
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14. methyl 2 , 3-dimet hyl-3-hydrox ybut anoat e (22 ).  Colourless liquid , 
bp 66-70°C P 12-18mmHg. 1HNMH: section 6 .4 .1 .
15. methyl 2 , 3-dimet hylbut-2-enoate (2 3 ) .  Colourless liquid , bp 58°C 
@ 12mmHg. *HNMR, MS, IR :  section 6 .4 .2 .  Similar to 
those reported  in r e f . 47.
16. 2 ,3-dimet hy lbu t-2 -en - l-o l (24 ).  Colourless liquid . ^HNMR, MS: 
section 6 .4 .3 , similar to those repor ted  in r e f . 46.
17. 2 , 3-d im ethylbut-2-en-l-a l (20 ).  Colourless o i l . ^HNMR: section 
6 .4 .4 ,  similar to that reported in r e f . 48. DNP: mp 197-198°C 
( L i t . R e f . 48: 198°C, r e f . 49: 200-201°C). 1HNMR, MS o f DNP: 
section 6 .4 .4.
18. 2 ,3-dimet h y l - 1 - (met hyIt h io )but-3-ene-2-o l (2 7 ) .  Colourless oil. 
T LC  on neutral alumina (hexane-CH 2C l j  4 :1 ) one spot. ^HNMR: 
section 6.5 .2.
19. 4 ,4-dimethy lcyc lohex-2-en-l-one (2 8 ) .  Colourless l iqu id , soli­
d if ies  ca .-10°C bp 76-89°C @ 12-22mmHg. 1HNMR, MS. IR : 
section 6 .7 .1 , similar to those reported  in r e f . 50. DNP: 
mp 261-262°C, *HNMR, MS: section 6.7 .1.
20. 4 ,4-d imethyl- l-methy lenecyclohexene (29 ).  Colourless l iquid, 
bp 45°C @ 12mmHg. 1HNMR, MS, IR :  section 6 .7 .2.
21. 6 ,6 -d im ethy l- l-oxasp iro|2 .5 )oct-4 -ene  (30 ) .  Colourless l iquid,
bp ca.70°C 12-20mmHg. 1HNMR, MS, IR :  section 6.7.3
169
fu r th e r  characterised by conversion to 4 ,4-dimet h y l- l- fo rm y l-  
c y c lo h e x - l - e n e .
22. 4 ,4 -d im e th y l- l - fo rm y lcy c loh ex - l -en e  (31 ) .  Colourless liquid, 
bp ca.50-60°C @ llmmHg. * 1HNMR, MS, IR : section 6.7.4. 
D NP mp 231-232°C (lit .236 ,5°C  R e f . 51). 1HNMR, MS: section 
6 .7 .4 .
23. l - c h lo r o - 4 , 4-dimet h y l -1- (phenyIt hiomet hyl )cyc lohex-2-ene (32) .
Colourless o il .  ^HNMR, MS: section 6.7 .5.
24. 4,4-dimet hy l- l-hyd roxy- l- (pheny lt  hiomet hyl)cyclohex-2-ene (33) 
Colourless oil. TLC on silica gel (C H ,C 1 ,)  one spot R f.0 .63 . 
1HNM R, MS: section 6.7.6.
25. 4, 4-dimet hyl- l-hydroxy-l- (m et hyIt hiomet hyl )cyclohex-2-ene (34 ).  
Colourless o il .  TLC on silica gel (C H ,C 1 ,)  one spot. *HNMR, 
MS: section 6.7 .7.
26. t r a n s - 2 -ch lo ro - l- (p heny lth io )p en t-3 -ene  (35 ) .  Light yellow oil.
1HNMR, MS, IR : section 6 .8 .1 , similar to  those reported 
in R e f . 45.
27. t ra n s -2 -a ce to xy - l  - (pheny lth io )pen t-3 -ene  (3 6 ) .  
o i l .  TLC  on silica gel (C H ,C 1 , )  one spot.
IR :  section 6.8.2.
28. trans-2 -hydroxy-l- (phenylth io )pent-3 -ene (37) . Colourless oil. 
T LC  on neutral alumina (CH , Cl,-petroleum 1:5) one spot. 
1HNMR, MS, IR: section 6.8.3.
Light yellow 
1HNMR, MS,
J 70
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Figure 7.1 Lignans and neolignans
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F igure  7.2
Gottlieb employs a systematic nomenclature dev ised  by Freuden-
9
b e rg  and Weinges , makes a distinction based more on biogenetic 
ra th er  than structural considerations, and proposes to employ the 
term  lignan fo r  those compounds which arise from the coupling 
o f  cinnamic acid or alcohol subunits , while neolignans arise from 
the  coupling o f  propenyl o r  a l ly l-benzene res idues . Th is , how ever, 
is obvious ly  unsatisfactory, fo r  compounds with v e r y  similar structure 
could also result from reduction o f  acid o r  alcohol d e r ived  compounds, 
as from the biological oxidation o f  those "neolignans" resulting 
from coupling o f propenyl-  o r  a l ly l-benzene res idues . This confusion
9
can be avoided if we use systematic nomenclature , even if we 
do not, as Gottlieb, proceed to call all phenylpropanoid dimers 
neolignans, when it would be more appropriate to call them lignans. 
In this nomenclature the phenylpropane units are identified and 
numbered 1-9 and l ' -9 ' ,  and links or bridging oxygens are indicated 
by pairs of numbers. Thus, podophylotoxin (1 ) and otobain (3 ) 
are 8.8', 7 .2 ', lignans, (2 )  is an 8.8' lignan, and eusiderin (4) 
is therefore a 7 .0.2 ', 8.0.3' lignan, or a neolignan.
In the course of phytochemical studies of Colombian Myristi
10,21cacae , Martinez and his collaborators isolated three lignans
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Figure 7.3 Lignans from Virola elongata 
Numbering according to Gottlieb^
1 7 7  -
from V iro la e longa ta . and tentatively assigned the ir  structures, 
from UV, IK and 60MHz *11NMK measurements*. The samples 
were brought to the University of Warwick, where 220 MHz ^HNMR 
and 100 MHz ^C N M R  were taken, and to Newcastle, where 300 MHz 
^H spectra were obtained. As a result of these measurements 
their structures could be assigned.
The s tructures of compounds (6 )  and (7 )  were deduced from
their spectroscopic data. Both compounds have been reported
5
as constituents o f the fru its  of V ■ sebifera , and comparison 
with the published data showed agreement, with one exception. 
Whereas our melting point for (6 ) agrees with that published, 
the value we found for lignan (7 )  (m .p . 86-87°C) is d ifferent
from that reported  (m .p. 115-117°C)^. This is possibly due
to d if feren t crysta ll ine forms being obtained from d if fe ren t  solvents 
(acetone in our work , methanol in r e f .  5 ) .  The ^HNMR of compound 
(6 ) in CD C lj (see  f ig .  5 .2 ) presents absorptions at 5=0.91(d, 
\J=6.8Hz), 1 .2 9 (d , 3J=6. 8H z ) ,  2 .32(dq , JJ=12,6 .8H z ) and 2 .87 (dq ,
JJ=12,6.8Hz) corresponding to the two methyl groups  and the 
two protons on the ketonic r ing . As evidenced b y  the coupling 
constants, both methyl groups occupy equatorial positions, and 
the ring hydrogens present a tran s -diaxial in teraction . Assuming 
that the bulky met hylenedioxybenzene moiety occupies an equatorial 
position, the re la t ive  stereochemistry is as shown. In  the absence 
of detailed chiroptical information, the absolute stereochemistry 
is in ferred  by the agreement of spectra with those published
* The physical and spectroscopic properties of these compounds 
are summarised at the end of this chapter.
Fi
gu
re
 7
.4
 
T
h
e 
30
0M
H
z 
H
N
M
R
 
sp
ec
tr
u
m
 o
f
F
ig
ur
e 
7
.4
ot
X
)i
as
te
ro
ot
op
ic
 
m
et
h
yl
en
cd
io
xy
 
gr
ou
p
s
180
by Gottlieb and co -w orkers  . Compound (7 )  shows similar structura l 
fea tu res , with an in terest ing  exception . At 200MHz, the spectrum 
presents  two singlets at 5.72 and 5.86, each in tegrating to one 
p ro ton . This unusual feature is due to the diastereotopic methylenedioxy 
group on r in g  A , in which the 2J^ coupling constants are v e r y  
small. In it ia l ly ,  the two singlets were assumed to arise by th e  
coex istence o f  two diastereoisomers caused by hindered rotation 
about the 1 •—7' bond. T h is ,  how ever , is not a likely exp lanation , 
as care fu l study o f the 500MHz ^HNMR spectrum shows that both  
sets o f  methylenedioxy groups  have anisochronic protons, g iv in g  
rise to an AB or and AX system (see f ig .  7.3 and 7 .4 ) acco rd ing  
to the d i f fe ren ce  in chemical shift due to the asymmetry o f the 
magnetic environment of the respec t ive  protons. The v e r y  small
2J coupling constant seemed puzzling at f i r s t ,  but is well documented
, .u ! .a 12,13for m ethylened ioxy groups
Compound (8 )  is a new substance, presumably an intermediate 
in the biosynthetic  pathway to (6 ) .  Its  mass spectrum shows
a peak due to the molecular ion at m/z 356.1629 ( ^ 2 1 ^ 2 4 ^ 5  requires  
356.1624) and a dominant fragment at m/z 194 which arises from 
a McLafferty rearrangement ( f i g .7 .6 ) .  It UV spectrum in methanol
161
rr/Z 19¿
Figure 7.6 McLafferty rearrangement of compounds
1 82
shows 2 maxima, at 274nm ( * =12500) and 228nm ( « =20319) and 
docs not change on addition o f sodium h y d r o x id e ^ .  This is 
consistent with two non-in teract ing  aromatic groups, devoid o f 
h yd rox y  groups on the r in g ,  and a benzylic ketone. The IR 
spectrum shows a C=0 stre tch  at 1670cm *, g iv ing  fu rther  indication 
o f the benzylic nature o f the carbonyl. The 220MHz ^HNMR 
spectrum shows two methyl doublets, at 0.85 and 1.15ppm, both 
with 3J=7.0Hz. At 2.25ppm there appears a signal which, when 
irrad iated, causes that at 0.85ppm to collapse to a singlet. This 
signal at 2.25ppm is a double double double quartet: a quartet
i
by coupling to the CH3 at 0.85ppm, doubled twice by M  couplings 
to  both protons at C -7 1, and doubled fo r  a third time by a 3,J 
coupling to the proton at C-8. The four couplings are 7.8 , 
7, 7 and 7Hz, re sp ec t iv e ly .  The proton at C-7, however, resonates 
at 3.38ppm as a double quartet (J=7 and 7H z ).  The diastereotopic 
methylene groups resonate at 2.43 and 2.58, generating double 
doublets with 2J=14.4Hz, and 3J=7.8Hz. The rest o f the spectrum 
is stra ightforward , with the two methoxy groups at C-3 and C-4 
resonating at 3.90 and 3.95ppm, and the methylenedioxy group 
at C-3 ' and C-4' g iv in g  a singlet at 5.94ppm. The aromatic 
protons at C-2 ', C-5' and C-6 ' resonate as a multiplet from 6 .6 - 
6.9ppm, H-5 gives r ise  to a doublet ( 3J=9.5Hz) at 6.84ppm, and 
H-6 a double doublet at 7.37ppm ( 3J=9.5Hz, ^J=1.5Hz) and H-2 
a broad singlet at 7.45ppm.
The JCNMR spectra were assigned (see Section 7.2) by  
analogy to those of known compounds^ and they confirm our
structural assignment.
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Figure 7.7 Proposed biosynthetic route to  compounds (8 ) and (6 )
1 P4
Figure 7.7a
The prevalent idea concerning the biosynthesis of lignans 
is an oxidative coupling of phenols. This appears in most text­
books, although there is very little evidence to support this 
mechanism in vivo. Further studies are necessary to determine
which is the actual pathway of the biosynthesis of lignans.
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7.2 Experimental
The plant samples of Virola elongata (B e n th . )  Warburg were 
collected in the Vaupes region o f  Colombia, and compounds (6) 
(8 )  were obtained by chromatography o f the benzene extracts  
of the bark by J . C . Mart inez , L .E .C u ca  and A .Santana.
(211, 3R_, 4S )-4 -H ydroxy-2 ,3 -d im et hyl-6,7-dimet h oxy -4 -p ip er-
ony l- lte tra lone  (6 ) .  White crysta ls  (75mg) m.p. 177-179°C (acetone ) 
( l i t .  m.p. 177-180° [ 5 ] ) .  R^ . 0.2 (s ilica ge l,  benzene-ethy l acetate
4 :1 ) .  \MeOH nm ( 6 ) :  312 (6650), 278 (12400), 233 (21000).ms x
^MeOH+NaOH nm ( £ ) ;  312 ( 6650) ,  278 (12400), 233 (21000).
max
j/™fx cm-1 : 3600, 3500, 3000, 1680, 1605, 1510, 1490, 1450,
film
1410, 1370, 1275, 1240, 1160, 1135, 1045, 1020, 990, 940, 890, 820. 
MS similar to that reported [5 ] .
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1HNMR(220MHz,CDClJ,6  ) 7 .5 2 (s ,H -6 ) ,  6.86 (m , H -2 ' , H -5 ' , H -6 ' ) ,
6 . 3 (s ,H -3 )  6 .0 (s ,3 ' ,4 ' -C H i O i ) .  3 .93(s , 4-OMe) ,  3 .6 8 (s , 5-OMe ) , 2.87 
(dq  , J=12Hz,6 .8 , H -8 ) , 2 .32(dq , J=12Hz,6 .8 ,H -8 ' ) 2 . 1 2 (s . 7'-OH ) , 1.29 
(d  , J=6. 8Hz, 9-Me) ,  0.91 ( d , J=6. 8Hz . , 9 '-Me) , 13CNMR ( 100MHz. CDC13, 
6 )  1 2 5 .2 (1 -0  1 4 0 .0 (2 - 0 .  1 0 8 .3 (3 - 0 ,  1 5 2 .9 (4 - 0 ,  1 4 9 .2 (5 - 0 ,
1 1 0 .7 (6 -0 ,  1 9 8 .6 (7 - 0 ,  4 6 . 9 ( 8 - 0 .  1 2 . 9 (9 - 0 ,  56 .0 (5 -O M e), 55.9
(4-OM e), 141.8 ( l ' - C ) , 1 07 .4 (2 '-C ),  147 .4 (3 '-C ),  1 4 6 .4 (4 '-C ) ,  107.5 
( 5 '-C ) ,  119 .9 (6 '-C ),  76.8 (7 '-C )  , 4 3 .3 (8 '-C ) ,  1 2 .4 (9 '-C ) ,  101.0(3 ',
4 '-O i CHt ) .  (2R , 3R , 4 S )-4 -H yd roxy -2 ,3 -dimethyl-5 ,6-met hylened ioxy-
4-piperonyl-l-tetralone (7 ) .  White crystals (208mg).
(acetone) (U t . m.p. 115-117° (MeOH) [5 ) ) .  Rf
as for (6 ) ] .  XMeOHnm ( € ) :  305 (6600), 280 (9375), max
X r H+Na° H nm < c >* 305 ( 6600)- 280 (9375), 
’'max cm"1: 3470, 2980, 2890, 1680, 1620, 1590, 1500
M.p. 86-87° 
0.32 (system 
232 (22222). 
232 (22222).
, 1490, 1450,
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1300, 1250, 1040, 1000, 940, 910, 885, 810, 750. MS m/z (%):
354(M+ ,3 6 .7 ) ,  355(M+1)+ (7 .9 8 ),  356 (M+2)+ (1 .3 4 ) ,  298 (100),
269 (7 .0 ) ,  240 (10 ) ,  212 (4 .0 ) ,  149 (28 ) ,  120 ( 8 . 0 ) ,  91 (5 .0 ) .
' h n MR (220MHz,CDCIj , ) 7.72 (d , J=8. OH z , H - 6 ) , 6.88 (d ,J=8 .0Hz,
H -5 ) ,  6.65-6.75 (m , H -2 ' , H -3 ' , H -4 ') ,  5.97 ( s , 3 ' ,4 ' - 0  ,CH 2) ,  5.85
( s , 1 x 3,4- O jC H j ) ,  5.72 ( s , l  x 3 ,4 -0 2C H 2) ,  2.83 (d q  , J=12Hz, 6.8,
H - 8 ) , 2.18 (dq ,J=12H z,6 .8 ,H -8 ')>  2.43 (s ,7 ' -O H ) ,  1.20 (d ,J=6 .8Hz,
M e-9 ) ,  0.95 (d  , J=6. 8Hz,M e-9 ') , 1HNMR (300MHz, d-6DMSO, 32K
points , GAUSSIAN line narrowing, kT =0.35, L B = -1 .0 H z ,5  ) 7.55
(d  , J=8. 2Hz, H - 6 ) , 7.00 (d , J=8 .2 H z,H -5 ), 6.7-7.0 (b r  m ,H-2 ’ ,H -3\
H -4 ' ) ,  5.99 (d  , J=0.99Hz , 1 x 3', 4’- 0  ,CH 2) ,  5.98 (d , J=1 . 00Hz, 1 x 3'.
4 ' - 0 2CH 2) ,  5.81 ( d , J=0. 79H z , 1 x 3 ,4 -0 2C H 2) ,  5.73 (d,J=0.78Hz,
1 x 3,4- O jC H j ) ,  2.84 (dq , J=12.4 ,6 .5Hz , H -8 ) 2.14 (d q  , 12 .3 ,6 .7Hz ,
H - 8 ' ) ,  1.11 (d ,J=6 .7H z ,M e-9 ),  0.72 (d , J=6. 7Hz ,M e -9 ' ) .  13CNMR
(lOOM Hz.CDCl,, 6 )  126.6 ( C - l ) ,  128.5 (C - 2 ) ,  144.6 (C -3 ) ,  152.4
( C - 4 ) , 108.8 ( C - 5 ) , 118.9 (C -6 ) ,  198.4 (C - 7 ) ,  46.8 (C -8 ) ,  12.1
( C - 9 ) , 101.9 (3 ,4 -0  jCH 2) ,  140.4 ( C - l ' ) ,  106.6 (C -2 1) .  147.2 (C-3>),
146.2 (C - 4 ' ) ,  107.4 (C - 5 ' ) ,  122.8 (C -6 ' ) .  74.7 ( C - 7 ' ) ,  43.3 (C - 8 ' ) ,
12.0 (C - 9 ' ) ,  100.8 (3 ',  4 '-0  2CH 2) .  l - ( 3 , 4-Dimet h o x y p h e n y l ) -2 ,3-
d im ethy l-4 -p iperony lbutan -l-one  ( j ! ) . Pale yellow oil ( 238mg) .  R f  0.54
(silica ge l, pe tro l-e thy l  acetate 85:15) (M found: 356.1629: ^21^24^5
requ ires  356.1624) \ MeOH nm ( C ) :  274 (12500), 228 (20319):^ max
^MeOH+NaOH nm ( e ) . 2?4 (1250o ) ,  228 (20319). "1*™ cm"1: 2950,
max Him
1670, 1600, 1510, 1490, 1450, 1420, 1360, 1260, 1210, 1170, 1130, 
1030, 930, 880, 860, 810, 790, 755. MS m/z (% ): 356 ( 7 ) ,  194 
(100 ), 165 (2 7 ) .  135 (1 6 .9 ) ,  77 (10 ),  28 (11 ).  1HNMR (60MHz, 
C D C 1 , ,6 ) ,  7.32 (m ,H -6 ,H -2 ) ,  6.85 ( b r s , H - 5 ) ,  6.65 (b r  s ,H -2 ' ,H -5 ' , 
H -6 ' ) ,  5.88 ( s . O . C H , ) ,  3.90 (s ,M eO -3 ).  3.85 (s ,M e O -4 ) ,  2 .0-3.7 
(m ,2 x H -7 ' ,H - 8 ,H - 8 ' ) , 1.15 (d ,J=6 .5Hz,M e-9 ) 0.85 (d ,J=6 .5Hz,
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Me-9' ) .  1H N M R ( 220MH z , CDC1, , ô ) 7.45 ( s , broad . H -2 )
(d d ,J = 9 .5 and 1 .5 H z,H -6 ) 6.84 (d  ,J = 9 .5 H z ,H -5 ) , 6.70 (m .H-2 
H-6' ) ,  5.94 (s .O jC H  2 ) ,  3.95 (s ,M eO -3 ) .  3.90 (s .M eO -4 )
( d q , J=7.0 ,H - 8 ) , 2.58 (dd,J=14.4 and 7 .8 H z ,H -7 ' ) .  2.43 (dd 
and 7 .8 .H -7 ' ) ,  2.25 (dddq , J=7.8 ,7 ,7  and 7 ,H -8 ' ) .  1.15 (d 
Me-9 ). 0.85 (d . J=7.0 ,M e-9 ') .  13CNMR (100MHz .CDC13 , ô  ), 
( C - l ) ,  110.5 ( C - 2 ) , 148.9 ( C - 3 ) , 152.9 (C -5 ) ,  122.4 (C -6 )  
(C - 7 ) , 42.8 ( C - 8 ) . 14.8 (C - 9 ) ,  55.7 (3 -O M e), 55.8 (4
134.5 ( C - l ' ) ,  108.0 (C - 2 ' ) ,  147.4 (C - 3 ' ) ,  145.6 (C - 4 ' ) ,  109.4 
121.9 (C - 6 ' ) .  37.4 (C - 7 ' ) .  41.2 (C - 8 ' ) ,  11.2 (C - 9 ' ) ,  100.5 (3 ' , 4 ' - 0
. 7.37
', H -5 ' , 
, 3.38
, J=14.4 
, J=7.0,
, 129.7 
. 202.4 
-O M e),  
(C - 5 ' ) ,  
i C H j .
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Appendix 1: Computer -A ss isted Organic Chemistry
A. 1.1 The Context
In the period  during which the research described in this 
thesis took p lace , considerable use was made o f severa l cornputei—based 
facilities. Because most of these facilities are housed in remote 
host computers, access to them had to be obtained through the
S .E .R .C . 's  Joint Academic Network (JA N E T ) or via ord inary telephone 
l in es .
The systems employed were of two distinct types :  purely
mechanical calculations or database searching procedures and know-
1 8ledge-based ex p e r t  systems ’ . The  results obtained from calculations
and database searching were displayed through the graphics interface
2 3programs VIEW and MODEL .
The databases used were the Fine Chemicals D irec tory^ (FC D ) , 
the Crystal Structure Search and R e tr ie va l^ (C S S R ) and the C-13 
NMR spectra database (CNM R). Molecular co-ordinates obtained 
from the c ry s ta l  structure Data File with CSSR were displayed 
with VIEW or MODEL.
ORAC4’ ® is an organic reaction retrieval system, developed 
by Dr A.P.Johnson at the University of Leeds. This system 
allows search of a chemical reaction database with great versatility, 
as not only keyword searches are possible, but also structure 
and sub-structure searches can be activated through simple interactive 
graphics procedures.
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g
LHASA , a ret rosy nt hetic analysis expert system, has also 
been used.
In this thesis we report the resu lts  of molecular mechanics
calculations on |3~phellandrene and /3-t urmerone. The programs
used fo r this purpose were E .K .  Davies' molecular mechanics program,
which forms part of the CHEMGRAF suite, and A llinger 's  MM2(82)
program^. The difference between these two programs lies in
the extent of the parametrisation. Davies ' version is not suitable
2 2fo r  h ighly strained s tructures, and sp -sp  bonds are treated 
as aromatic, unless the parameters are modified by the user. 
The results are applicable to geometrical and internal energy  propel—
ties of a wide varie ty  of molecules. A ll inger 's  version is more 
7
fu lly  parameterised , and calculations with it demand more computer
7
time than with Davies'. Both methods employ a minimisation algorithm 
to obtain values of en ergy  minima. In princip le, the energy  
structu re  can be minimised by bond shifts and rotations to g ive  
the lowest minimum of the system in one calculation. In practice, 
h ow ever ,  the minimisation procedure often results in structures 
which represent local minima. This fea tu re  is useful fo r  a detailed 
study o f the conformational space available to a particular molecule, 
but when minimum energy  conformations are searched fo r ,  local 
minima may be obtained instead. Th is demands considerable caution 
in the interpretation of results from a single MM2 minimisation 
o f  a complex molecule. To  avoid confusion, there fo re ,  it is 
necessary to repeat the calculation with alternative geometries and 
these new geometries may be easily generated from within MODEL. 
In  the next section, we describe th e  exact procedure employed 
fo r  obtaining the minimum-energy conformations fo r  the turmerones.
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In genera l, the initial atomic co-ordinates are produced by  the
LHASA graphics in te r face .  This generates a file whose structure
is incompatible with e ither MM2 or MODEL. F ile-conversion programs
4
exist as facilit ies on the Wolfson Vax 11-750 at Leeds .
9 10A.1.2 Instructions for using MM2 ’
Detailed instructions for the use of the program may be 
found in r e f . 10, as well as in the appropriate documentation.
A . 1.3 Results of the Calculations
Here follow the results of the molecular mechanics calculations 
on ^3~phellandrene and j3-turmerone. Bond lengths, bond angles 
and d ihedral angles are listed consecutively. The numbering 
is a rb it ra ry ,  and re fe rs  to the atom numbers in the accompanying 
d iagrams.
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F igure  A l . 3.1 Pseudo-axial conformation o f jg-phellandrene 
147° H17-C4-C7-H18, minimum at 0.172505E + 03kcal
with
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H17-C4-C7-K18 -34° MME=0.12591E + 03kcal
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F igu re  A l . 3.3 Pseudoequatorial conformation o f ß- phellandrcne
for H17-C4-C7-H18 -81°, MME=0.132500E + 03kcal
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F igure  A l . 3.4 Psoudoequatorial conformation o f  ß -phe llandrene
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Figure A l . 3.5 A ll inger MM2 minimised ( R ) . ( S ) -  0-turmerone
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Figure A l . 3.6 Allinger MM2 minimised ( S ) , ( S ) - ß -turm erone
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Turmerones: Isolation from  Turm eric and their Structure  
Determ ination
Bernard T. Golding,* Esteban Pombo, and Christopher J. Samuel
Departm ent o f Chemistry a n d  M olecu lar Sciences. University o f  W arwick, Coventry CV4 7AL, U.K.
The presence o f tw o  turm erones in turmeric is demonstrated and their structures are defined as 
2 -m e thy l-6 -(4 -m e thy lcyc lohexa-2 ,4 -d ien-1  -y l)h e p t-2 -e n -4 -o ne  (5, 'a -tu rm erone ') and 2 -m ethyl- 
6 -(4 -m ethy lenecyc lohex-2-en-1  -y l)h e p t-2 -e n -4 -o ne  (2, '0 -turm erone ').
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Turmerones: Isolation fro m  Turm eric and their Structure  
Determ ination
Barnard T. Golding,* Estaban Pombo, and Christophar J. Samual
Department of Chemistry and Molecular Sciences, University o f Warwick, Coventry CV4 7AL, U.K.
The presence of two turmerones in turmeric is demonstrated and their structures are defined as 
2-methyl-6-(4-methylcyclohexa-2,4-dien-1 -yl)hept-2-en-4-one (5, 'a-turmerone') and 2-methyl- 
6-(4-methylenecyclohex-2-en-1 -yl)hept-2-en-4-one (2, 'j3-turmerone').
Turmeric, from the Rhizomes of Curcuma longa has been 
known for its colouring, flavouring, and digestive properties 
since at least the second millenium B.C.1 It is a constituent of 
curry powders and contributes to their characteristic colour 
and odour. Nearly fifty years ago,' the major constituents of 
the essential oil of turmeric were recognised to be ketonic 
sesquiterpenes CltH„0 and C„HmO. The structure of the 
former was shown* to be (1) and it was called ar-turmerone. 
The latter, known as turmerone, was considered to have the 
enone and carbon skeleton of (1) but the aromatic ring was 
partially reduced. However, it was not possible to isolate it in 
pure form, to locate its double bonds, or even to be sure that it 
was a single isomer. Later, it was reported that turmerone could 
be isolated via an inclusion compound with thiourea, and from 
the evidence of u.v. and ir. spectra the structure was assigned 
as either (2) or (3).* Structure (4) has also been proposed* and 
is the basis for the current Chemical Abstracts name (Reg. 
Number 564*5-42-«).
We report hem the isolation and spectroscopic characterisa­
tion of two isomeric turmerones to which we assign the 
structures 2-methyi-6-(4-methyicyclohexa-2,4-dien-1 -yl)l»pt- 
2 en 4 one (3) and 2-m«hy1-6-(4-msthytanecyck>hn-2-«n-l-yl)
hept-2-en-4-one (2). We give these compounds the trivial 
names a- and jS-turmerone, respectively, by analogy with their 
lower prenylogues, the phellandrenes.
Flash chromatography* [silica gel 60, 1% triethylaminef 
and 5% ether in light petroleum (b.p. 40—60 °Q ] of turmeric 
oil gave a fraction of turmerone free from ar-turmerone, which 
was further fractionated by h.p.l.c. (Hichrom S5W-500SP, 1 % 
triethylaminef in hexanes). The low value for the relative 
retention times of the major turmerones (a — 1.11) and the 
presence of minor components (see below) matte separation of 
the turmerones very difficult and recycling (8—10 times) wss 
necessary to obtain pure a- and /3-turmerone, albeit in only 
milligram amounts.
The faster eluting component was shown by high resolution 
mass spectrometry to have the formula C^H^O.. Bands at 
1681 and 1627 car1 in the Lr. spectrum and a coupled spin 
system in the *H n.m.r. spectrum [SfCDClJ 6.0S (1 H, septet, 
S 1.3 Hz), 2.14 (3 H. d, J  1.3 Hz), and 1.89 (3 H, d, /1.3 Hz))
t In the absence of triethylamine, silica gsl caused isomerisation 
and degradation of the tunnsronaa.
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(51
show the presence o f  the M e,C =C H CO X  fragment where X  
is a saturated carbon atom . The other signals at low  field 
[8 5.79 (1 H , dt, J 10, 2 H z ), 5.63 (1 H , dd, J 10, 3 H z), and 
5.42 (1 H, broad s, T.J 16 H z )]  and the 3 H  multiple! at 8 1.72 
are very similar in their chemical shift and multiplicity to four 
resonances in the spectrum o f  a-phellandrene,’  and show that 
a-turmerone has a 4-methylcyclohexa-2,4-dien-l-yl fragment. 
Interpretation o f  the remaining high field regions o f  the ‘ H  
n.m.r. spectrum secures structure (5). The u.v. spectrum o f  (5) 
before and after the addition o f  sodium borohydride and the 
difference spectrum gave Amax (enone) 238 nm and Am, x 
(diene) 261 nm, which compare well with data for mesityl 
oxide (Amax 237 nm) and a-phellandrene (Amax 263 nm).
For the slower eluting component, mass spectrometry con­
firmed the molecular formula C,|HnO, and the fragment 
M e jC =C H C O X  was indicated by i.r. bands at 1681 and 
1626 cm -1 and the coupled 'H  spin system [S(C ,D ,) 5.83 (1 H, 
septet, J 1.2 Hz), 2.16 (3 H, d, J 1.2 H z), and 1.51 (3 H , d, J
1.2 H z )).  The remaining four low field signals [8 6.24 (1 H, dd, 
J 10, 2 Hz), 5.61 (1 H , d, J 10 Hz), 4.87 (1 H, s), and 4.82 
(1 H , s )] define the nature o f  the 6-membered ring as in (2). A  
similar u.v. study to that described for (5) gave Amax (enone) 
237 nm and Amax (diene) 232 nm [cf. mesityl oxide (Amax 237) 
and jS-phellandrene(Amax232 nm )]and an i.r. band at 881 cm 1 
confirmed the exo-methylene group o f  (2). The question o f  the 
configurations at the chiral centres in (2) and (5) is currently 
under study.
Careful comparison o f the low field regions o f  the *H n.m.r. 
spectra o f  crude turmeric oil, the turmerone fraction from 
flash chromatography, and the isolated ar-, a-, and (9-turmer­
ones showed that these three compounds are not artefacts, but 
are, indeed, the major components o f the crude oil, and that 
other minor components are present in the turmerone fraction 
from  flash chromatography. G.I.c.-mass spectroscopic 
analysis o f  that fraction showed a single peak in the mass 
chromatogram for m/z 216 (ar-turmerone), whereas for m/z 
218 there were two major, one minor, and other trace peaks.
W e  thank Schwartz Spices Ltd. for a generous gift o f 
turmeric (Allepey fingers), the British Council for an award to 
E.P., the S.E.R.C. for access to the regional n.m.r. service 
(W arw ick ), and Drs. E. H. Curzon and O. W . Howarth for 
assistance with the recording o f  400 M H z  *H n.m.r. spectra.
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